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Abstract

Large hail can pose a major threat to people, infrastructure, and property. While po-
larimetric radar observations enable us to reliably detect hail, discrimination of hail
size and strategies to nowcast and predict hail and its size are still subject of research.
At S band hail size discrimination algorithms do already exist, while retrievals from
C-band radars, which are more widespread in Europe, remain challenging due to
resonance scattering effects from large raindrops which tend to interfere with large
hail signatures.

Advanced nowcasting tools capable of detecting hail and discriminating its size
at C band are required to enable earlier and more precise severe weather warnings
being issued by weather services in Europe.

In this thesis 16 severe hail events monitored with the polarimetric C-band radar
network of the German national meteorological service (Deutscher Wetterdienst, DWD)
are investigated together with hail reports from the European Severe Weather Database
(ESWD; https://www.eswd.eu/) for precursory information. This data set includes
the largest hailstone (14.1 cm in diameter) reported so far in Germany hitting the
ground in Undingen on August 6, 2013.

First, an algorithm for correcting anomalously high attenuation in hail-bearing
thunderstorms is evaluated using four overlapping C-band radars. Post-processing
of polarimetric moments, like spike-filtering of differential phase, is done to reduce
noise and improve attenuation corrections. Results illustrate the capability to miti-
gate attenuation of up to 15 dB km−1 but only small overcorrection in precipitation
without hail.

Second, T-matrix scattering simulations for dry and wet hail are conducted to
adjust a fuzzy logic based hail size discrimination algorithm (HSDA) developed
for S band for usage at C band. Hereby, dual-layered spheroids are simulated to
mimic melting hail. The revised fuzzy logic utilizes an ad-hoc weighting of input
variables to improve performance through self-adjustment similar to other unsu-
pervised learning techniques.

Finally, hail precursors and storm dynamics are investigated in an object-based,
precipitation system oriented analysis to develop and evaluate nowcasting tools to
detect hail growth and predict the hail’s terminal diameter. This analysis utilizes a
custom-made cell tracker and exploits the results of the attenuation correction algo-
rithm.

Results show that sudden increases of the vertical extent of columns of enhanced
differential reflectivity ZDR, so called ZDR-columns, precede peaks of strong signal
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attenuation most probably linked to hail. Also, strong attenuation was often accom-
panied by specific differential phase KDP above 10 ◦ km−1. It is demonstrated that
the intensity of ZDR-columns, described e.g. by their maximum ZDR value, and the
height of ZDR-columns above the melting layer, allow for nowcasting hail size at
the ground with lead times between 10 and 20 minutes, which can be exploited for
warnings.
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Chapter 1

Introduction

Hail is a frequently occurring and potentially destructive phenomenon especially
during mid-latitude summertime convective events, for which hail stones with di-
ameters of up to 15 cm have been reported (Púčik et al., 2019). Detection of poten-
tially damaging hail and its distinction from smaller, less or non-damaging hail is
crucial for warnings, but still difficult to achieve. Methods to discriminate hail size
exist for S-band radars (e.g. Ryzhkov et al., 2013b), but not yet for C band, the wave-
length of weather radars mostly used in Europe. Also, except for advecting hail-
bearing storms based on their previous tracks (e.g. Hering et al., 2004), nowcasting
schemes do not predict hail growth yet. In this thesis, insights from published re-
search of hail size discrimination, research on hailstorm dynamics and hail growth
analysis are used to investigate nowcasting and size discrimination of hail.

Precipitation radar observations provide the most important information source
for detecting and monitoring hail aloft, and thus also for predicting hail before it
reaches the ground. Already since the 1960s non-polarimetric weather radar obser-
vations have been successfully applied for detecting hail aloft (e.g. Waldvogel et al.,
1979). Witt et al. (1998a) used non-polarimetric reflectivity and the melting layer
height to estimate the maximum expected hail size (MESH) and the probability of
severe (large) hail (POSH).

Early polarimetric radar experiments have shown that polarimetric variables, es-
pecially the differential reflectivity ZDR, are quite useful to detect hail at S band (e.g.
Bringi et al., 1984; Aydin et al., 1986). Over the years methods and techniques became
more advanced and complemented each other, like different algorithms and im-
provements for hydrometeor classification (e.g. Vivekanandan et al., 1999; Ryzhkov
et al., 2005a; Park et al., 2009; Ortega et al., 2016). Also, new useful measures or vari-
ables were introduced, such as empiric quantities like a “hail signal” (HDR; Aydin
et al., 1986) and intrinsic radar variables like the linear depolarization ratio (LDR;
Zrnić and Ryzhkov, 1999).

Dual-wavelength approaches to detect hail yielded notable results even before
polarimetric radars became more common (e.g. Eccles and Atlas, 1973). The dif-
ference in reflectivity factor in hail measured with different wavelengths is a good
indicator for hail (see e.g. Figure 1 in Kaltenboeck and Ryzhkov, 2013). Specifically,
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hail can be easily detected by comparing reflectivity factors of e.g. C-band and S-
band radars, if they are observing the same hail-bearing event. However, co-located
S- and C-band radar sites are rare, due to their cost.

Detection of hail and especially discrimination of hail size is a crucial task for
warnings. Park et al. (2009) published a commonly used hydrometeor classifica-
tion based on fuzzy logic. Each polarimetric radar variable used is fuzzificated into
hydrometeor-class specific membership functions. These membership functions ap-
proximate the probability distribution for each hydrometeor class to be the domi-
nant hydrometeor type in the radar volume. If no further restrictions are applied,
the class with the highest aggregated value, i.e. the highest likelihood that this class
is associated with the measured polarimetric variables, is then selected. Similar to
a hydrometeor classification, Ryzhkov et al. (2013b) introduced a hail size discrim-
ination algorithm (HSDA) using a fuzzy logic on horizontal reflectivity factor Zh,
differential reflectivity ZDR, and co-polar correlation coefficient ρhv. Ortega et al.
(2016) refined the original HSDA by modifying membership functions, adding Zh-
dependency to the membership functions and defining height-dependent weights
for the polarimetric variables, among other modifications. The performance of the
modified HSDA compared with ground truth was assessed using the probability of
detection (POD), false-alarm ratio (FAR) and the so called critical success index (CSI)
(Doswell et al., 1990; Schaefer, 1990). A search window of 4 km× 4 km was applied,
as point matches scored POD below 0.2. Telephone surveys during the Severe Haz-
ards Analysis and Verification Experiment (Ortega et al., 2009) provided the ground
truth for 79 cases with 2142 hail reports. For 0.5◦ elevation scans, the algorithm out-
performed the original HSDA and reached a POD of 0.594, a FAR of 0.136 and a CSI
of 0.432, although reports of no-hail were discarded for scoring (Ortega et al., 2016).
This HSDA became operational and is evaluated at S band only. It is expected that
the principle of the HSDA might also work for other wavelengths with approved
adjustment of the membership functions (Ryzhkov et al., 2013b).

Suitable nowcasting schemes are still largely unexplored except for the extrapo-
lation of previous radar measurements into the future by exploiting previous storm
cell tracks and storm intensity (e.g. Dixon and Wiener, 1993; Hering et al., 2004).
These methodologies, however, lack representation of hail growth and advection
processes and therefore can only nowcast already observed hail. Numerical weather
prediction (NWP) models can simulate these processes, e.g. Adams-Selin and Ziegler
(2016) applied a hail growth and melting model to a storm resolving NWP model.
Numerical prediction of the near-storm environment can be used to forecast changes
in the development of thunderstorms, too (e.g. James et al., 2018). Precursor signals
for hail could enhance the performance of radar-based nowcasting schemes with-
out requiring computational effort of a NWP. Formation of hail requires updrafts
of convective storm cells (Kennedy et al., 2001). Knowledge of the location and
strength of the updraft in a storm may improve the lead time for hailstorm warnings.
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Ideas to base hail detection and prediction on vertical columns of enhanced differ-
ential reflectivity, so called ZDR-columns, have been proposed (e.g. Picca et al., 2010;
Kumjian et al., 2014; Snyder et al., 2015, . . .). Picca et al. (2010) were among the first
connecting ZDR-column intensification with subsequent hail occurrence, and found
time lags of about 20 min between increases in ZDR-column height and horizontal
reflectivity ZH in super-cell storms. Simulations by Kumjian et al. (2014) resulted in
peak ZDR-column heights occurring between 12.5 and 15 min before peaks of max-
imal hail mass at the surface (see their Table 1). Ilotoviz et al. (2018) found highest
correlations between maximum ZDR above 0 ◦C and hail parameters, like mass and
size, for a time lag of 15 min. These results are in line with the time required for
large hail to grow (diameter ≥ 2.5 cm) (Ziegler et al., 1983; Miller et al., 1988, 1990;
Kennedy et al., 2001). Simulations by Ziegler et al. (1983) indicate a growth time
of around 10 min for hail ≤ 2 cm, while larger hail usually takes at least 15 min to
20 min to grow (Miller et al., 1990). Most of these advanced studies (e.g. Kumjian
et al. (2014), Ilotoviz et al. (2018)) were carried out with spectral bin microphysical
models. These models were compared with radar derived statistics for plausibil-
ity. However, actual radar observations were not primarily used to investigate the
preceding ZDR-column intensification prior to hail occurrence, except for single case
studies like Picca et al. (2010).

The Circular Depolarization Ratio (CDR) is also discussed to be a good indicator
or precursor for strong updrafts because of its relation to the shape of the hydrome-
teor with a lower dependency on the hydrometeor orientation (Ryzhkov et al., 2017).
However, compared to KDP and ZDR, propagation effects impair CDR and have to
be low in order for CDR to be usable (Ryzhkov et al., 2014; Matrosov, 2004). Accord-
ing to simulation results a change in maximal hail diameter from 8 mm to 50 mm
increases CDR by up to 15 dB (Ryzhkov et al., 2014). CDR signals are stronger than
ZDR-columns or Linear Depolarization Ratio (LDR) signals. Moreover, CDR exhibits
updraft signatures up to greater heights than ZDR-columns (Ryzhkov et al., 2017,
17f). For hail nowcasting, the use of CDR could improve the capability of detecting
large hail already during formation (below, in and even above the melting layer).
However, CDR is still underutilized for several reasons: In the past, it was not pos-
sible to obtain CDR from radars operating in a simultaneous transmission / recep-
tion mode, which is a requirement for ZDR. Matrosov (2004) published a method
to estimate CDR even with simultaneous transmission / reception, when the phase
difference between horizontal and vertical channels is 90◦ on transmission and−90◦

on reception. Furthermore, “correction of CDR for differential phase is a big chal-
lenge which is one of the reasons why CDR has never been used for operational
meteorological applications” (Ryzhkov et al., 2014). Indeed, intrinsic CDR is influ-
enced strongly by differential phase (see Figure 1 in Ryzhkov et al., 2014). However,
Ryzhkov et al. (2014) provide an algorithm to estimate CDR without strong depen-
dence on the differential phase, when the complex voltages of the returned signal
are available, i.e. applicable in the signal processor. According to Ryzhkov et al.
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(2017), CDR can be estimated from other polarimetric variables (ZDR, LDR and the
cross-correlation coefficient ρhv).

Another hail precursor are KDP-columns, which are emphasized to be useful es-
pecially in high attenuated cases, because KDP is dependent on the phase, and thus
less affected by attenuation (Kumjian and Ryzhkov, 2008; van Lier-Walqui et al.,
2016). In one of the first studies, Hubbert et al. (1998) associated KDP-columns
with the shedding of water from wet hail. Loney et al. (2002) approved this as-
sumption using additional airborne, in-situ measurements. Similar to ZDR-columns,
KDP-columns appear as “columnar regions of enhanced positive KDP in convective
storms that frequently extend several kilometers above the freezing level” (Kumjian
and Ryzhkov, 2008, p. 1950). KDP-columns might be more pronounced than ZDR-
columns, however, ZDR-columns often precede the KDP-column signature since ZDR-
columns are proxies for updrafts and KDP-columns are associated with strong pre-
cipitation originating from the updraft. Thus, less lead time improvement could be
achieved compared to other hail precursors like ZDR-columns. Moreover, all cases
using KDP-columns were so far investigated at S band. E.g. Kumjian and Ryzhkov
(2008) also provide observations at C band, but no KDP-columns were identified
there. Apparently, clear-cut cases with KDP-columns are difficult to find at C band.

Scattering simulations help to interpret radar observations and to test theories
against observations. Hydrometeor classification and hail size discrimination algo-
rithms like Park et al. (2009) and Ryzhkov et al. (2013b) require reliable parameters
for their membership functions. Setting these up without simulations would require
numerous cases with fully verified ground truth, precise timing and location, as well
as airborne in-situ measurements. Therefore, scattering simulations provide a com-
fortable way to generate a comprehensive data base for polarimetric signatures of
hail. For dry hail, simulations of a single layered spheroid (e.g. Leinonen, 2014) are
sufficient. For melting particles, especially for large melting hail, however, simula-
tions based on a double layered spheroid (e.g. spongy ice core with a water layer)
are necessary for a more realistic representation (Ryzhkov et al., 2010). Scattering
simulations advanced over the years, but the transmission matrix defined by Wa-
terman (1971) is still the basis of current simulation codes. Schemes to compute
scattering for layered, non-spherical particles and methods to cope with numerical
instabilities using this approach are described in Mishchenko et al. (1996). This led
to a FORTRAN code (Mishchenko, 2000), which is still used in modern scattering
simulations (e.g. by Leinonen, 2014).

The main goal of this research is to develop a nowcasting suite capable of dis-
criminating hail size at C band. Hail detection and size discrimination are inves-
tigated by adjusting the S band HSDA to C band, exploiting the higher sensitivity
of this wavelength during hail. Additionally, precursors of hail like columnar re-
gions of ZDR, KDP or CDR are investigated for their nowcasting capabilities using
a polarimetric C-band radar network. Finally, hail occurrence reports from the Eu-
ropean Severe Weather Database (ESWD) are used for improving algorithms and
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evaluation.
To tackle these objectives, the thesis aims to answer the following research ques-

tions:

1. How accurately can the location and size of hail be determined from polari-
metric C-band radar observations and what additional information from other
sources is required?

2. What are the most robust precursors for large hail, how can they be exploited
for nowcasting and which lead times can be achieved?

Following this introduction, the thesis is divided into four chapters and con-
cludes with a final summary. Chapter 2 summarizes the available data and explains
the data sources.

Chapter 3 highlights the state of art in attenuation correction for hail-bearing
storms and introduces an algorithm capable of estimating attenuation in multi-cellular
events. Necessary post-processing of radar data and noise reduction methods are
discussed. Finally, the algorithm is evaluated on 16 events from 2013 to 2018 and
checked for consistency between four overlapping C-band radars.

In chapter 4 the adjustments of S-band hail size dscrimination algorithm (HSDA)
for usage at C band and further modifications are discussed. T-matrix scattering sim-
ulations are used to adjust parameters for the fuzzy-logic based HSDA. Further ex-
periments to improve the HSDA utilizing unsupervised clustering, neural networks
and deep learning techniques are pursued.

Chapter 5 investigates nowcasting capabilities of hail precursors. Two nowcast-
ing schemes are developed to detect hail already during its growth and predicting
the final hail size 10 min to 20 min prior to hitting the ground. The introduced now-
casting schemes are tested against a statistically based random prediction and eval-
uated using hail occurrence reports as ground truth.

Finally, chapter 6 summarizes the thesis and the proposed methods. A conclu-
sion of assessed techniques and gained knowledge closes the thesis.
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Chapter 2

Remote Sensing and Other Data
Sources

Primary data sources of this study are polarimetric weather radars and ground re-
ports of hail. The following subsections introduce each source.

2.1 Polarimetric C-band radar network

The German national meteorological service (Deutscher Wetterdienst, DWD) utilizes
polarimetric dual-doppler weather radars, which operate with a wavelength of 5.344 cm
(C band). The deployed radars simultaneously transmit and receive in horizontal
and vertical polarization (Frech et al., 2017). The 5 min scan schedule includes a vol-
ume scan with ten elevations and a so called precipitation scan (Table 2.1). Within
this scanning scheme a vertical scan, so called “bird-bath” scan, is included for cal-
ibration. Ten fixed elevations are scanned for the volumetric scans with a radial
resolution of 1 km. The precipitation scan, however, follows roughly the surround-
ing orography and has a radial resolution of 0.25 km. Both scans have an azimuthal
resolution of 1◦. For more details on the scanning strategy see Helmert et al. (2014).

The DWD operates a radar network covering an area of more than 357 000 km2

with 17 C-band radars. The coverage of this network and each individual radar is
shown in Figure 2.1. Many radars overlap partially. There are several groups of four
radars which overlap. The group with the largest overlap of four radars is composed
of the radars Essen, Flechtdorf, Offenthal and Neuheilenbach. This overlap area
can be used to check individual radar corrections for consistency, e.g. comparing
attenuation correction results (see chapter 3, section 3.4).

2.1.1 Scattering theory

Particles, like hydrometeors, scatter the incident electromagnetic wave ~Ei, and the
different scattering between horizontal and vertical polarization allows the retrieval
of polarimetric variables. The scattered electromagnetic wave ~Es is calculated using
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TABLE 2.1: Specification of DWD precipitation and volumetric scans.

type of scan Elevation (◦) bin width (m) number of
range bins

maximum
slant range

(km)

precipitation
terrain

following 250 600 150

volumetric 0 5.5 1000 180 180
volumetric 1 4.5 1000 180 180
volumetric 2 3.5 1000 180 180
volumetric 3 2.5 1000 180 180
volumetric 4 1.5 1000 180 180
volumetric 5 0.5 1000 180 180
volumetric 6 8.0 1000 124 124
volumetric 7 12.0 1000 60 60
volumetric 8 17.0 1000 60 60
volumetric 9 25.0 1000 60 60

FIGURE 2.1: Stereographic projection of the area covered by the operational radar network
of the German national meteorological service (DWD). Each polarimetric C-band radar has
a range of 150 km, and their coverage is shown as red circles with a light-blue filling. The
location of the radar site is denoted by a red dot and its station name underneath. Blue lines
show rivers, while gray lines depict borders and coasts.
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the complex scattering matrix ¯̄S, which contains both magnitude and phase infor-
mation (Zhang, 2016)

~Es =
e−jkr

r
¯̄S~Ei , (2.1)

where r is the distance to the scattering particle, k the wavenumber of the back-
ground medium, and j the complex solution to the equation j =

√
−1 (Zhang, 2016).

The incident and scattered wave consists of horizontal (H) and vertical (V) polarized
components when polarimetric radars are used. Following Zhang (2016), equation
2.1 extends to [

Es,H

Es,V

]
=

e−jkr

r

[
SHH SHV

SVH SVV

] [
Ei,H

Ei,V

]
, (2.2)

with the co-polar (SHH and SVV) and the cross-polar (SHV and SVH) scattering am-
plitudes. The subscripts indicate which channel (H for horizontal and V for vertical
polarization) transmits (first subscript) and which receives (second subscript).

Particles in the atmosphere typically have various sizes and tumble. Ensem-
ble averages of scattering amplitudes over “all particles contributing to the signal”
(Rinehart, 2004) are calculated by integrating the particle size distribution N (D)

over all diameters D (Zhang, 2016)

〈· · · 〉 =
∫
· · ·N (D) dD . (2.3)

The mean differential scattering cross sections and the correlation function can be
calculated respecting particle size distributions and orientations (Jung et al., 2010;
Ryzhkov et al., 2010; Zhang, 2016)〈

|SHH |2
〉
=
∫ (

MAA |sa|2 + MBB |sb|2 + 2MABRe [sas∗b ]
)

N (D) dD , (2.4)〈
|SVV |2

〉
=
∫ (

MDD |sa|2 + MCC |sb|2 + 2MCDRe [sas∗b ]
)

N (D) dD , (2.5)〈
|SHV |2

〉
=
〈
|SVH |2

〉
=
∫

MBC |sa − sb|2 N (D) dD , (2.6)

〈S∗HHSVV〉 =
∫ (

MAB |sa|2 + MCC |sb|2 + MAC [s∗a sb] + MBD [sas∗b ]
)

N (D) dD ,

(2.7)

where sa (and sb respectively) denote the complex scattering amplitudes of an indi-
vidual spheroidal particle along their minor (major) axes (Trömel et al., 2013) and
Mi are angular moments (for i = AA, BB, CC, DD, AB, CD, BC, AD, AC, BD respec-
tively). The asterisk is the conjugate complex operator and Re (x) is the real part of a
complex variable x. For simplicity, tumbling is limited to particle canting in the po-
larization plane and the particle orientation across all particles involved is assumed
to be Gaussian distributed with a zero mean canting angle (Ryzhkov et al., 2010;
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Zhang, 2016). Then the angular moments are

M1 =MAA = MCC = MAC =
1
8

(
3 + 4e−2σψ

2
+ e−8σψ

2
)

, (2.8)

M2 =MBB = MDD = MBD =
1
8

(
3− 4e−2σψ

2
+ e−8σψ

2
)

, (2.9)

M3 =MAB = MCD = MAD = MBC =
1
8

(
1− e−8σψ

2
)

, (2.10)

where σψ is the standard deviation of the canting angle (ψ) distribution. Equations
2.4, 2.5, 2.6 and 2.7 then simplify to〈

|SHH |2
〉
≈
∫ (

M1 |sa|2 + M2 |sb|2 + 2M3Re [sas∗b ]
)

N (D) dD , (2.11)〈
|SVV |2

〉
≈
∫ (

M2 |sa|2 + M1 |sb|2 + 2M3Re [sas∗b ]
)

N (D) dD , (2.12)〈
|SHV |2

〉
=
〈
|SVH |2

〉
≈
∫

M3 |sa − sb|2 N (D) dD , (2.13)

〈S∗HHSVV〉 ≈
∫ (

M3

[
|sa|2 + |sb|2

]
+ M1 [s∗a sb] + M2 [sas∗b ]

)
N (D) dD .

(2.14)

Typically, a measured radar volume consists of multiple particles. Therefore,
propagation of the electromagnetic wave needs to be considered, too. The coherent
electromagnetic wave after propagating to a position x can be described using the
transmission matrix ¯̄T (Zhang, 2016)[

Eh (x)
Ev (x)

]
=

[
e−j

∫ x
0 Khd` 0
0 e−j

∫ x
0 Kvd`

]
︸ ︷︷ ︸

¯̄T

[
Eh (0)
Ev (0)

]
, (2.15)

where the effective propagation constants Kh and Kv are

Kh = k +
2π

k

〈
S(0)

HH

〉
, (2.16)

Kv = k +
2π

k

〈
S(0)

VV

〉
, (2.17)

with S(0)
HH and S(0)

VV being the forward-scattering amplitudes in horizontal and ver-
tical polarization, respectively. Note that propagation depolarization effects are ne-
glected. The received electromagnetic wave ~Er can be expressed by the transmitted
field ~Et when the propagation is taken into account (Zhang, 2016)

~Er =
1
r

¯̄T ¯̄S~Ei , (2.18)

~Ei = ¯̄T~Et , (2.19)
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so that[
Er,H

Er,V

]
=

1
r

[
SHHe−2j

∫ r
0 Khd` SHVe−j

∫ r
0 (Kh+Kv)d`

SVHe−j
∫ r

0 (Kh+Kv)d` SVVe−2j
∫ r

0 Kvd`

]
︸ ︷︷ ︸

¯̄S′

[
Et,H

Et,V

]
. (2.20)

The matrix ¯̄S′ includes propagation and scattering effects, and their co-polar compo-
nents (the components on the main diagonal) can be used to calculate “propagation-
included radar variables” (Zhang, 2016), i.e. attenuation corrected polarimetric mo-
ments.

2.1.2 Polarimetric variables

Polarimetric radars not only allow for measuring reflectivity factors, but due to mea-
suring horizontal and vertical polarization in two channels separately, multiple po-
larimetric variables can be obtained. Here briefly the most important polarimetric
variables used in this study are defined and explained. For a more thorough and
complete explanation on their information content the reader is encouraged to read
well-written books on this topic, such as Bringi and Chandrasekar (2001), Rinehart
(2004), Doviak and Zrnic (2006), Zhang (2016), or Ryzhkov and Zrnic (2019).

Comparing the amplitude or intensity of both channels yields probably the most
simple and maybe most used polarimetric variable. As raindrops with larger sizes
become oblate, the difference between the returned signal strength of the two chan-
nels will increase, which is quantified by differential reflectivity ZDR (Rinehart, 2004;
Doviak and Zrnic, 2006; Zhang, 2016)

ZDR = Zh − Zv = 10 log10

(
zh

zv

)
, (2.21)

zh =
4λ4

π4 |Kw|2
〈
|SHH |2

〉
, (2.22)

zv =
4λ4

π4 |Kw|2
〈
|SVV |2

〉
, (2.23)

where Zh and Zv are the horizontal, respectively vertical, reflectivity factors in loga-
rithmic scale and zh and zv are the horizontal respectively vertical reflectivity factors
in linear scale. λ is the wavelength of the radar, Kw = εw/ε0−1

εw/ε0+2 is the dielectric con-
stant factor for water, εw the complex dielectric constant of water and ε0 the dielectric
constant in free space (Zhang, 2016). Naturally, the dielectric constant for ice is dif-
ferent and |Kw|2 is about 4 times smaller for ice particles than for pure liquid water
particles (Doviak and Zrnic, 2006). The unit of zh and zv is mm6/m3 and for their
logarithmic expressions, Zh and Zv, the unit is dBZ. Therefore, the unit of ZDR is
expressed in dB. Reflectivity factors can be compared between different radars, as
these factors (see equations 2.21 - 2.23) are normalized by radar wavelength λ and
water dielectric constant factor Kw and are only depend on hydrometeor physics



12 Chapter 2. Remote Sensing and Other Data Sources

(Zhang, 2016). Values for ZDR around 0 dB indicate spherical or tumbling, i.e. ran-
domly orientated, particles e.g. dry hail, while positive values indicate oblate parti-
cles like large raindrops (Ryzhkov et al., 2013a). Negative values are sometimes ob-
served, too, which can be caused by vertical orientated particles such as ice needles
in an electric field, conical graupel or by resonance effects (Rinehart, 2004; Evaristo
et al., 2013; Kumjian, 2013).

In severe, hail-bearing storms the returned signal can be strongly attenuated
(Ryzhkov et al., 2013b). In contrast to strongly affected radar variables like Zh and
ZDR, phase-derived variables are not constrained by attenuation, as long as no to-
tal signal extinction occurs. By measuring the phase difference between the two
receiving channels, information about the particles in the observed volume can be
obtained. The radar typically measures the total differential phase ΦDP, i.e. the dif-
ference between the phase of the two received polarizations, horizontal and vertical.
ΦDP consists of the backscatter differential phase δ and the propagation differential
phase φDP (Wang and Chandrasekar, 2009; Trömel et al., 2013; Zhang, 2016; Ryzhkov
and Zrnic, 2019)

ΦDP = δ + φDP , (2.24)

δ = arg (〈S∗HHSVV〉) . (2.25)

The propagation differential phase can be obtained by integrating the specific differ-
ential phase over the propagation path r (Zhang, 2016)

φDP = 2
∫ r

0
KDP (`) d` . (2.26)

KDP is specific as in per length unit. Therefore, the unit of KDP is ◦ km−1. Zhang (2016)
defines KDP as “the real part of the propagation constant difference”, which is

KDP =
180
π

Re [Kh − Kv] (2.27)

≈ 180
π

∫
Re
[
s(0)a − s(0)b

]
N (D) dD

1
2

(
1 + e−2σψ

2
)

e−2σψ
2

, (2.28)

where s(0)a (and s(0)b respectively) is the forward-scattering amplitude along the mi-
nor (major) axis of an individual spheroidal particle. For radar operations, however,
this is unpractical as forward-scattering amplitudes are not available for monostatic
weather radars. According to Rinehart (2004) the specific differential phase KDP be-
tween the radial ranges r1 and r2 can be calculated using

KDP =
ΦDP (r2)−ΦDP (r1)

2 (r2 − r1)
. (2.29)

Note that equation 2.29 is only valid when backscatter differential phase δ is ne-
glectable, so that ΦDP ≈ φDP. However, such scattering induced phase shifts are
present in e.g. hail and melting snow (Trömel et al., 2013; Zhang, 2016). This needs
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to be mitigated as well, before calculating KDP. The hydrometeor type, or more
specifically their refractive index, the temperature and the transmitted wavelength
additionally affects the phase of each channel. By using a range-derivate of the phase
difference, issues like attenuation, beam blockage or calibration errors can be ig-
nored. Desired information like orientation, shape and size of the observed particles
impact KDP (Rinehart, 2004). The estimation of KDP usually requires substantial sig-
nal post-processing, because ΦDP can be very noisy (Kumjian et al., 2019).

Despite the aforementioned differences in signal strength and phase shifts be-
tween the two channels, weather echoes usually are quite coherent (Doviak and Zr-
nic, 2006). Non-meteorological echoes usually are not (Ryzhkov et al., 2005b). The
correlation of the signal power between the horizontal and vertical channel can be
expressed by the co-polar cross-correlation coefficient ρhv. Rinehart (2004) defines

ρhv =
|〈SVVS∗HH〉|√〈
|SHH |2

〉√〈
|SVV |2

〉 . (2.30)

Values for ρhv can range from 1, for spherical targets, to 0. Meteorological echoes
have values around 0.90, e.g. 0.97 for rain (Park et al., 2009), except for hail, for which
ρhv can drop as low as 0.80 at S band (Ryzhkov et al., 2013b). Non-meteorological
echoes, like ground clutter, typically have much lower values.

Depolarization, i.e. the loss of polarization of an emitted electromagnetic wave
due to propagation or scattering, can be expressed by quantities such as the linear
depolarization ratio (LDR). By transmitting in horizontal polarization, but retriev-
ing in both channels, the ratio of the received power of the two channels is LDR
(Rinehart, 2004; Zhang, 2016)

LDR = 10 log10


〈
|SHV |2

〉
〈
|SHH |2

〉
 . (2.31)

In theory, LDR can reach values of 0 dB for one-dimensional targets, i.e. no depo-
larization, and can go towards −∞ dB for spherical targets (Rinehart, 2004). LDR
can be used to distinguish liquid and frozen particles (Rinehart, 2004), but depends
strongly on the particles’ orientation (Ryzhkov et al., 2017). However, LDR cannot
be recorded by the DWD C-band radars without changing the scanning schedule
and switching off vertical transmission.

Most operational weather radars are operated in a simultaneous transmission /
reception mode. This mode enables to measure differential reflectivity ZDR, cross-
correlation coefficient ρhv and differential phase ΦDP, but not to measure intrinsic
circular depolarization ratio (CDR). However, methods to estimate CDR have been
proposed (Matrosov, 2004; Ryzhkov et al., 2014, 2017), which can calculate a depo-
larization ratio (DR) estimate from complex voltages (Ryzhkov et al., 2014) or from
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polarimetric variables (Ryzhkov et al., 2017). Complex voltages usually are not avail-
able for researchers for operational weather radars, as they are only stored in the
signal processor, but ZDR, ρhv, ΦDP usually are. Linear depolarization value LDR
is only available when vertical transmission can be turned off e.g. during an LDR
sweep (Ryzhkov et al., 2014, 2017).

According to Ryzhkov et al. (2017) the circular depolarization ratio in linear scale
Cdr can be expressed with

Cdr =
1 + (Zdr)

−1 − 2ρhv (Zdr)
−1/2 cos(ΦDP) + 4Ldr

1 + (Zdr)
−1 − 2ρhv (Zdr)

−1/2 cos(ΦDP)
, (2.32)

where

ZDR = 10 log10 (Zdr) , (2.33)

LDR = 10 log10 (Ldr) and (2.34)

CDR = 10 log10 (Cdr) . (2.35)

Even a small increase in ΦDP can affect Cdr strongly. Thus, propagation effects as in
heavy rain, reduce the usability of Cdr. Since hail is often accompanied by rain, this
is an obstacle if Cdr is considered to be used for hail detection.

When Φ(t)
DP, the system differential phase upon transmission, is ±90◦, depolar-

ization ratio (DR) can be used as a proxy for CDR. In linear scale DR is defined by
(Ryzhkov et al., 2017)

Dr =
1 + (Zdr)

−1 − 2ρhv (Zdr)
−1/2 + 4Ldr cos2(ΦDP/2)

1 + (Zdr)
−1 − 2ρhv (Zdr)

−1/2 + 4Ldr sin2(ΦDP/2)
, (2.36)

DR = 10 log10 (Dr) . (2.37)

For ΦDP = 0◦, i.e. no polarization-dependent propagation effects, Cdr and Dr are
equal. Even for Φ(t)

DP 6= ±90◦ and moderate ΦDP, e.g. 10 ◦ km−1 to 20 ◦ km−1, the
depolarization ratio was proven to be useful at S band (Ryzhkov et al., 2017). Like
CDR, DR can range from −∞ dB to 0 dB, where the former would be a spherical and
the latter a very irregularly shaped particle, e.g. spiky hail stones (Rinehart, 2004).

Particles in the radar volume weaken the returned signal by absorption and scat-
tering of the electromagnetic wave. The amount of signal weakening per radial
range is called specific attenuation Ah. In this thesis, Ah always denotes the specific
attenuation in the horizontal polarization. Integrating the scattering in a coherent
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electric field yields (Zhang, 2016)

Ah = 10 log10

(
e2λIm

(〈
S(0)

HH

〉))
= 20λ log10 (e) Im (〈SHH,0〉) (2.38)

≈ 20λ log10 (e)
∫ [

Im
(

s(0)a

)
− 1

4

(
1− e−4σψ

2
)

Im
(

s(0)b − s(0)a

)]
N (D) dD ,

(2.39)

where Im (x) is the imaginary part of a complex variable x. Ah can range from
0 dB km−1, i.e. no attenuation, to +∞ dB km−1. However, total signal extinction can
occur even with small Ah, depending on the intrinsic signal strength and the amount
of attenuating particles.

Specific attenuation Ah cannot be directly measured by the radars used, be-
cause monostatic weather radar designs can only receive backward-scattered sig-
nals. Forward-scattering is not observed and therefore Ah is not measured. Never-
theless, other means of estimating the specific attenuation exist. Bringi et al. (1990)
suggest a linear attenuation correction, where the decrease in reflectivity through
attenuation ∆Zh is related to the propagation phase φDP along the propagation path
between 0 and r

∆Zh = α · φDP = α · 2
∫ r

0
KDP (`) d` , (2.40)

where α is an attenuation coefficient, ranging from values close to 0 dB/◦ to 1 dB/◦,
with a median value of 0.08 dB/◦ for rain at C band, and dependent on temperature
(Bringi et al., 2001; Ryzhkov et al., 2013b). If the two-way path-integrated attenuation
(PIA = 2

∫ r
0 Ah (`) d`, Zhang, 2016) is equal to ∆Zh, a relation between specific

attenuation Ah and KDP is obtained

2
∫ r

0 Ah (`) d` = PIA = α · 2
∫ r

0 KDP (`) d` , (2.41)

⇒ Ah = α · KDP , (2.42)

assuming α is constant. The correlation (equation 2.42) is no surprise as attenuation,
as well as propagation phase, are an effect of forward-scattering (Zhang, 2016). A
more sophisticated way to estimate Ah and α is explained in chapter 3.

2.2 Hail Ground Reports

The European Severe Weather Database (ESWD, https://www.eswd.eu) provides re-
ports of hail larger than 2 cm by citizen scientists and trained storm spotters (Dotzek
et al., 2009). The reports include geographic location, date and time of occurrence.
Also, a time range for each hail occurrence is provided to take into account possi-
ble delay in reporting. Additional, optional entries in the report can be maximum
hail diameter, damage reports and weight of hail, among others. In cases of large
accumulations of small hail, a thickness of the hail layer on the ground is added as
well. Several quality levels allow for filtering of the reports. These levels range from

https://www.eswd.eu
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“as received”, i.e. no checks done, over “plausibility checked”, to “report confirmed
by reliable source” and “event fully verified”, the highest level (Dotzek et al., 2009).
In this study, only reports with “plausibility checked” or higher quality are used.
These hail reports are considered as point observations in space and time. I.e., hail
occurrence can not be excluded, when no hail has been reported.

More than 2000 reports of hail diameters ≥ 2 cm have been issued throughout
Europe per year since 2012. 7 % of these contain maximum hail diameters of at
least 5 cm. 14.1 cm was the largest reported hail stone in Germany and the second-
largest in Europe. The largest hail with a diameter of 15 cm occurred in Sânandrei in
Romania (Púčik et al., 2019).

2.3 Atmospheric Soundings

Radio soundings provide in-situ measured vertical profiles of temperature, humid-
ity, pressure and wind. Soundings are launched several times a day from measure-
ment sites and are usually operated by national meteorological services. In Ger-
many, soundings are launched up to four times a day at 14 stations operated by the
DWD1. The University of Wyoming Department of Atmospheric Sciences kindly
provide a service to retrieve sounding data from stations all over the world on their
website (http://weather.uwyo.edu/upperair/sounding.html). Here soundings in
Germany are used to determine a spatially interpolated height of the 0 ◦C isotherm.

1Source: https://www.dwd.de/DE/service/lexikon/Functions/glossar.html?nn=103346&lv2=

102134&lv3=102172, last accessed on 11.02.2020 11:26 UTC

http://weather.uwyo.edu/upperair/sounding.html
https://www.dwd.de/DE/service/lexikon/Functions/glossar.html?nn=103346&lv2=102134&lv3=102172
https://www.dwd.de/DE/service/lexikon/Functions/glossar.html?nn=103346&lv2=102134&lv3=102172
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Chapter 3

Attenuation Correction in
Hail-Bearing Storms at C Band

Hail may cause anomalously high attenuation, impedes accurate nowcasting and
warnings, and hampers quantitative precipitation estimation (Trömel et al., 2014).
Compared to S band, attenuation at C band can be quite severe and requires correc-
tion (Ryzhkov et al., 2013a).

This chapter reviews existing methodologies for correcting anomalously high
attenuation, including their evaluation using four overlapping C-band radars. To
apply the theoretical methods to actual weather radar measurements, algorithms to
improve signal quality and noise reduction are introduced. Afterwards, scores for
assessing the usability of the attenuation correction are explained and the evaluation
is conducted. Lastly, a summary of the chapter is given, which concludes and closes
this chapter.

3.1 State of the Art

Compared to a simple attenuation correction (see e.g. equation 2.42), which requires
a constant attenuation coefficient α, the so called ZPHI method, introduced by Tes-
tud et al. (2000), allows attenuation correction in stratiform and convective precip-
itation. Furthermore, the ZPHI method can estimate contamination of increased
backscatter differential phase δ, which may affect ΦDP at C and X band (Testud et al.,
2000; Trömel et al., 2013). The ZPHI method comprises in its application for ground-
based weather radars the total differential phase shift ΦDP along a considered range
interval as an external constraint to estimate specific attenuation for each radar bin.

Ryzhkov et al. (2013b) developed an algorithm, based on the ZPHI method,
to correct reflectivity factors for anomalous attenuation caused by hail at S band.
Ryzhkov et al. (2013b) separate sections of precipitation along each azimuthal ray
into segments of rain, hail and rain behind hail. Segments with hail are called hot
spots. Different parameters are applied in hot spots than in segments without hail.
E.g. the attenuation coefficient α is expected to be higher in hail than in rain.

Gu et al. (2011) introduced a modified hot spot approach, which allows for de-
termining an appropriate α iteratively, using the radials outside the hot spot as a
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constraint. An optimal α is achieved when the integration of the attenuation pro-
file of radials outside of the hot spot equals the estimation of the simple attenuation
correction (see e.g. equation 2.42).

With the mentioned segmentation, attenuation, especially in the shadow of the
hail-core, can be corrected for events with small hail as well as for events with large
hail. Also, the estimated attenuation can indicate whether the hail assumption was
correct or not. E.g. there is probably no hail when the attenuation in the assumed
hail-core is not significantly higher than it would be in rain.

3.2 Theory

A radial profile of specific attenuation Ah can be obtained by the ZPHI method as
expression of the attenuated reflectivity factor in linear units za at each range bin r
(Testud et al., 2000; Ryzhkov et al., 2013b):

Ah(r) =
[za (r)]

b

I (r0, rm) +
[
100.1bα∆ΦDP(r0,rm) − 1

]
I (r, rm)

·
[
100.1bα∆ΦDP(r0,rm) − 1

]
, (3.1)

where

I (r, rm) = 0.46b
∫ rm

r
[za (s)]

b ds and (3.2)

∆ΦDP (r0, rm) = ΦDP (rm)−ΦDP (r0) . (3.3)

The parameter b is taken from the empirical relation between specific attenuation Ah

and reflectivity factor Zh (Ah = aZb
h, e.g. see Table 1 in Ryzhkov et al., 2013b).

To apply attenuation correction for hail, each radar sweep is scanned for hot
spots. An easy approach to do this can be a reflectivity factor threshold (e.g. 45 dBZ).
For each hot spot, the affected rays are segmented using three range intervals with
the following assumptions (compare Ryzhkov et al., 2013b):

• Interval (r0, r1) is in front of the hot spot and therefore without hail.

• Interval (r1, r2) is the hot spot and possibly contains hail.

• Interval (r2, rm) is behind the hot spot and without hail again, but possibly
highly attenuated.

The value for attenuation coefficient α differs for hail and rain and therefore dif-
fers between the segments, too. This has to be considered in the calculation of spe-
cific attenuation, which means equation 3.1 needs modification. A first, simple step
to regard these differences is to split up α into a “background” α0 and a ∆α (Gu et al.,
2011), so that

α = α0 + ∆α . (3.4)

α0 is set to a climatological value (0.06 dB/◦ (Gu et al., 2011)), so that it is valid for
rain-only range bins, while ∆α is adjusted to fit to the dominant hydrometeor type,
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e.g. hail. Modifying equation 3.1 by taking equation 3.4 into account yields

Ah(r, ∆α) =
[za (r)]

b

I (r0, rm) + [100.1bC − 1] I (r, rm)
·
[
100.1bC − 1

]
, (3.5)

where
C = α0∆ΦDP (r0, rm) + ∆α∆ΦDP (r1, r2) . (3.6)

Following Gu et al. (2011), ∆α is determined by an iterative process. The values at
the range gates in the intervals (r0, r1) and (r2, rm), i.e. “outside of hot spots (OHS)”,
serve as a constraint, so that∫

OHS
Ah (s, ∆α) ds !

=
α

2
· [∆ΦDP (r0, rm)− ∆ΦDP (r1, r2)] (3.7)

is fulfilled (Gu et al., 2011).
Equation 3.7 is iteratively optimized, i.e. applying equation 3.5 with increasing

∆α, until an optimal ∆α is found. Then, the intrinsic reflectivity factor in decibels Zh

is calculated with

Zh (r) = 10 log10 [za (r)] + 2
∫ r

r0

Ah (s, ∆α) ds . (3.8)

3.3 Signal Enhancing and Noise Filtering

Radar data and especially polarimetric radar data requires preprocessing and noise
filtering to enable reliable retrievals. Techniques and procedures applied are out-
lined in this section.

3.3.1 ΦDP unfolding

The value range of differential phase ΦDP is measured from −180◦ to 180◦. Thus,
values measured can be ambiguous if they exceed the dynamic measurement range.
To unfold ΦDP the following scheme is used:

ΦDP,unfolded =

ΦDP −ΦDP,sys, if ΦDP > ΦDP,sys − 180◦.

ΦDP −ΦDP,sys + 360◦, otherwise.
(3.9)

The system differential phase ΦDP,sys is dependent on the radar and external factors
and may change on the time scales of hours to days. Therefore, ΦDP,sys has to be
determined for each sweep before ΦDP can be unfolded.

One way to estimate ΦDP,sys is to observe ΦDP in light rain conditions, thus
ΦDP should be 0◦ due to almost spherical scatterers. The median value of all ΦDP

measurements are taken, which reach a certain cross-polar correlation coefficient ρhv

threshold. In theory, only the first bins should be taken to keep the contamination
of propagation effects on the ΦDP,sys estimation low. However, in practice only few
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bins fulfill the requirements, especially in convective events. Therefore, no limitation
is applied on the position of the bins used here.

For each ray, continuous sections with ρhv over 0.95 are selected, if they consist of
at least 20 range bins. If at least 30 of these sections are found in one sweep, a ΦDP,sys

is estimated by taking the median of ΦDP in these bins. For some sweeps, these
conditions do not hold. A previously estimated ΦDP,sys is then used as significant
changes in ΦDP,sys are not expected to occur within minutes.

3.3.2 Noise filtering in ΦDP

For correcting attenuation, only the increase in total difference phase shift ΦDP in
each segment is relevant. However, both noise and backscatter differential phase δ

can have a non-negligible impact on ΦDP. Especially in severe hail events resonance
effects may cause negative slopes in ΦDP. This can not only reduce the effectiveness
of the attenuation correction, but can also hinder the correction completely. There-
fore, noise and artifacts like spikes are dismissed and replaced by linearly interpo-
lated values.

Spikes due to noise contamination are detected by calculating the differences in
ΦDP between two bins, where the latter bin has the index r, so that

∆ΦDP (r) = ΦDP (r)−ΦDP (r− 1) . (3.10)

If ∆ΦDP ≥ 66◦, the affected bin is replaced by a linearly interpolated value of the
surrounding bins. This noise filter is applied iteratively until no so defined spikes
are detected or a limit of iterations is exceeded. The threshold of 66◦ as well as a
limit of three iterations maximum has been determined empirically. If the whole ray
is too noisy, all range bins are set to 0◦.

To further filter for artifacts, like smaller spikes and fluctuations, and possibly
δ contamination, a median filter is applied. Unlike e.g. a running-mean, this filter
effectively cancels out smaller spikes, without modifying non-spiking data.

ΦDP, f iltered (r) = median [ΦDP (r) , · · · , ΦDP (r + ws)] , (3.11)

where ws is the window size of the filter and is set to 5 range bins.
An example of how these techniques affect ΦDP is shown in Figure 3.1a. The

data after the very basic unfolding (light green curve) is still way too noisy to be
used for a proper attenuation correction. Without spike filtering (i.e. without apply-
ing equation 3.11), there are still problematic spikes visible (blue curve). Although
quite some fluctuations remain, applying all mentioned filters allows for a proper
attenuation correction using ρhv (see Figure 3.1b) and hot spot identification in the
following section 3.3.3 (see Figure 3.1c).
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3.3.3 Hot spot identification

To utilize the attenuation correction described in section 3.2, areas with precipitation
and hot spots have to be identified. The conditions are based on criteria described by
Gu et al. (2011) and Ryzhkov et al. (2007). A propagation path through precipitation
(from here “valid area”), containing all three segments, is identified if the following
conditions hold:

1. reflectivity factor Zh ≥ 10 dBZ for all range bins

2. cross-polarisation coefficient ρhv ≥ 0.5 for all range bins

3. the radial length of the “valid area” in question has to be at least 2 km.

A hot spot (range interval (r1, r2)) is identified if the following conditions hold:

1. The hot spot in question has to be inside a valid area.

2. reflectivity factor Zh ≥ 45 dBZ for all range bins

3. cross-polarisation coefficient ρhv ≥ 0.7 for all range bins

4. the radial length of the hot spot in question has to be at least 2 km

5. differential reflectivity ZDR ≥ 3 dB in at least one range bin.

Due to strong hail precipitation, ρhv may drop to quite low values in a single
range bin. To avoid dismissing or wrongly limiting sections, a modification to the
original method by Gu et al. (2011) is done as follows. If two valid areas and/or
hot spots only have one or two range bins between them, they may be eligible for
merging. However, if ρhv is below 0.5, the areas are not merged, as other polarimetric
moments like ΦDP might be too noisy. Even beyond this threshold ΦDP might be
noise affected and is linearly interpolated to fill this gap if the difference between
the last valid range bin and the next valid range exceeds 10◦.

Multiple convective cells may appear in the same ray behind each other, the al-
gorithm is then applied for each hot spot consecutively. Specific attenuation Ah is
calculated for each hot spot separately. However, calculating the intrinsic reflectiv-
ity factor requires taking all hot spots into account, as each hot spot does affect other
hot spots behind it. I.e. equation 3.8 is still used, but Ah, respectively ∆α, changes
throughout the ray.
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(A) ΦDP

(B) ρhv

(C) Zh

FIGURE 3.1: Radial profiles of A) differential phase ΦDP with and without filtering and noise
cancellation measures, B) cross-polar correlation coefficient ρhv and C) hor. reflectivity factor
Zh before and after attenuation correction. The vertical, dashed, gray lines depict sections
of precipitation; the vertical, red, dotted lines indicate hot spots. The data was measured on
28.08.2016 13:30 UTC by C-band radar Flechtdorf. The azimuthal angle is 245◦.
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3.4 Evaluation

Specific attenuation Ah cannot be directly measured by radar. Therefore, it is difficult
to obtain a “truth” to compare with. However, radar data of four overlapping C-
band radars can be used to test the attenuation correction for consistency. Ideally, if
the attenuation was the only factor tampering with the measurement, then all radars
should show the same intrinsic reflectivity factor after correcting for attenuation.
This is true if the attenuation correction is working perfectly.

3.4.1 Evaluation strategy

All radar data is assigned to a regular Cartesian grid using the so called “Nearest
Neighbor” technique. The grid is centered on the overlapping area and has a reso-
lution of 250 m, which is also the radial resolution of the radars. To give an example,
Figure 3.2 shows Plane Position Indicator (PPI) plots of four overlapping C-band
radars (Essen, Flechtdorf, Neuheilenbach and Offenthal) on the grid, while a hail
bearing convective cell is moving through the observed area. As all four radars can
observe the same cell from different perspectives, the impact of attenuation is nicely
illustrated. Especially in Figure 3.2b a shadow is visible behind stronger reflectivity,
which is not represented in the measurements of the other radars. This is a clear
indication for hail at C band. A reliable attenuation correction is expected to remove
this shadow.

Every radar involved in the comparison can be affected by attenuation or arti-
facts from e.g. clutter. Ideally not every radar is affected to the same extent or by the
same source. Therefore, a mean value of each measurement of all available radars
serves as “truth” to compare with.

As reflectivity is used, the mean value Z̄ (i, j) is

Z̄ (i, j) = 10 log10

[
1

Nradars

Nradars

∑
n

100.1Zn(i,j)

]
, (3.12)

where Nradars is the number of radars, Zn the horizontal reflectivity factor of a spe-
cific radar n, and i, j are coordinates of the Cartesian grid. The mean is calculated in
linear scale to avoid problems with physical units and to be less affected by clutter
and artifacts as stronger signals are more pronounced.

In order to quantify how much the radars differ from each other, the root mean
square error (RMSE) is calculated. In this calculation, the mean value Z̄ serves as
ideal measurement to which all other measurements should converge.

RMSE (i, j) =

√√√√ 1
Nradars

Nradars

∑
n

[Z̄ (i, j)− Zn (i, j)]2 . (3.13)

The RMSE is calculated before and after attenuation correction. The difference of
both RMSE values can then show if the attenuation correction improved the signal.
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(A) Essen radar (B) Flechtdorf radar

(C) Neuheilenbach radar (D) Offenthal radar

FIGURE 3.2: PPI of horizontal reflectivity factor Zh of four overlapping C-band radars on
a Cartesian grid during a hail-bearing storm. All radars observe the same convective cell.
Measurements are from 05.07.2015 16:30 UTC. The resolution of the grid is 250 m.

For further evaluation and comparing the array of RMSE values is masked. The
masking is done by checking at each grid point if all radars exceed 0 dBZ:

RMSEmasked (i, j) =

RMSE (i, j) , if min [Zn (i, j)] > 0 dBZ, ∀n ∈ Nradars

not a number, otherwise .
(3.14)

Values which are not a number are ignored in further calculations. The masking is
done to filter for artifacts, especially on the edge of precipitation areas. E.g. this can
be caused by the time lag between radars. But also other artifacts, that usually only
appear in single radars, can be filtered.

Figure 3.3 displays mean and RMSEmasked before and after attenuation correc-
tion for the same measurements as in Figure 3.2. The aforementioned shadow is
very prominent in the RMSEmasked of the uncorrected Zh (Figure 3.3c) with val-
ues ≥ 20 dB. After attenuation correction this shadow vanishes, both in mean and
RMSEmasked (see Figure 3.3b and 3.3d), and the error reduces to magnitudes equal to
non-attenuated areas.

To analyze the quality of the attenuation correction for all time steps of a single
event, the variation of RMSE along time can be tracked with a spatial mean. The
spatial mean ξ of radar RMSE (see equation 3.14) is calculated for each time step t,
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(A) radar mean of uncorrected Zh (B) mean of attenuation corrected Zh

(C) radar RMSEmasked of uncorrected Zh (D) RMSEmasked of attenuation corrected Zh

FIGURE 3.3: Mean and RMSE (see equations 3.12, 3.13 and 3.14) of horizontal reflectivity
factor Zh before and after attenuation correction as PPIs. Measurement from 05.07.2015
16:30 UTC.

so that

ξ (t) =
1

Marea

Marea

∑
i,j

RMSEmasked (i, j) , (3.15)

where Marea is the number of grid cells in the overlapping area. ξ is calculated before
and after attenuation correction.

For the same event as shown in Figure 3.2 and 3.3, ξ (t) is shown as time se-
ries in Figure 3.4. As attenuation is not the only source causing different measure-
ments between radars, the values vary throughout the event, even though hail might
not be present. However, during presence of hail in the overlapping area (15:45 to
17:05 UTC and 17:20 to 17:50 UTC) the spatial mean of the RMSE is lower for the
attenuation corrected data than for the uncorrected one. During other time steps,
where no hail bearing cell is inside the overlapping area, the values are mostly equal.
Figure 3.5 shows the relative error reduction ηrel

ηrel (t) =
ξuncorrected (t)− ξcorrected (t)

ξuncorrected (t)
, (3.16)

where ξuncorrected and ξcorrected are the spatial means of radar RMSE (see equation
3.15) before and after attenuation correction.

While enormous error reduction is achieved during aforementioned times, the
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FIGURE 3.4: Time series of the spatial mean of radar RMSE (see equation 3.15) before (blue
line) and after attenuation correction (orange line) for a hail bearing event on 05.07.2015. The
unit of the spatial mean is dB km−2. The area of each bin in the Cartesian grid is (250 m)2.

attenuation correction shows a negative impact on the signal later during the event.
However, this impact tends to be quite low (≤ 1 %).

3.4.2 Results

For a more profound evaluation of the attenuation correction 16 severe hail events
from 2013 until 2018 taking place in the overlapping area are considered. The mean
error reduction per time frame η̄ and sum of error reduction Ση

η̄ = 1
T ∑T

t [ξuncorrected (t)− ξcorrected (t)] and (3.17)

Ση = ∑T
t [ξuncorrected (t)]−∑T

t [ξcorrected (t)] , (3.18)

where ξuncorrected and ξcorrected are the spatial means of radar RMSE (see equation
3.15) before and after attenuation correction, are considered in this statistical analy-
sis.

For the majority of these events, positive values are achieved (Table 3.1). I.e. at-
tenuation correction improves individual radar measurements to align more with
the measurement of other radars. During some events, e.g. 2014-06-09, the attenu-
ation correction actually worsens the results. However, according magnitudes are
small compared to other events with pronounced improvements, e.g. 2013-06-20.
On average, i.e. concatenating all time steps of all events together and calculating
the statistics, the mean error reduction per frame is around +0.5 dB min−1 km−2.
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FIGURE 3.5: Time series of reduction of ξ (t) in % due to attenuation correction compared
to no correction for a hail bearing event on 05.07.2015. Blue areas mark time steps in which
the attenuation correction improved the signal towards the mean of all radars (see equation
3.12), while red areas mark degradation.

Note that the superposition of different factors and the use of logarithmic values
may sometimes complicate the interpretation and value of the results. Both η̄ and
Ση use RMSE (equation 3.13), which is calculated in dB. Otherwise, attenuation
effects would be superimposed by other error sources. E.g. if attenuation reduced
the reflectivity from 45 dBZ to 40 dBZ, this would be a reduction in linear scale from
31 623 mm6/m3 to 10 000 mm6/m3. However, a deviation of the hot spot position
due to time delay between radar scans, e.g. from 51 dBZ to 50 dBZ, would be a
reduction in linear scale from 125 893 mm6/m3 to 100 000 mm6/m3 - a whole order
of magnitude higher. Therefore, this latter scenario, mispositioned hot spots, would
be more emphasized than attenuation effects.

In the following more effects are discussed, which also affect the deviations be-
tween radars and therefore impact the statistics. However, they cannot be addressed
by an attenuation correction algorithm.

Timing: Not all radars measure the same parts of the overlapping area at the
same time. As 5 min pass before a radar scans the same area again, cells might have
moved in between. Therefore, for each scan the position of a specific hot spot can
be different for each radar. This can lead to deviations between individual radar
measurements and the average picture of all four radar measurements. Effects at
the edges of precipitating areas are partially mitigated by equation 3.14. However,
positions inside the precipitation areas are still affected.
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TABLE 3.1: Evaluation statistics for each severe hail event. Four overlapping C-band radars
from the DWD radar network were used to do the comparison. A positive error reduction
per frame indicates an improvement compared to no correction. The third column shows
the total sum of error reduction over all time steps for each events. The last row shows the
values for all events being concatenated.

event date
(yyyy-mm-dd)

mean error reduction per
frame (dB min−1 km−2)

sum of error reduction
(dB km−2)

2013-05-16 -0.0698 -8.725
2013-06-20 +1.522 +639.3
2014-06-09 -0.4696 -61.05
2014-06-10 +0.032 +5.928
2014-07-24 +0.3622 +94.18
2015-07-05 +1.548 +402.4
2016-05-27 +0.7786 +186.9
2016-06-05 +0.151 +62.69
2016-06-24 +1.356 +257.6
2016-08-27 -0.0501 -9.017
2016-08-28 +0.3817 +61.07
2017-06-22 +1.494 +403.3
2017-08-01 +1.738 +217.2
2018-04-22 -0.2256 -57.52
2018-05-22 +0.2676 +21.41
2018-05-27 +0.5039 +183.9

all events together +0.5719 +2512.42

Spatial resolution: A hail bearing cell might be closer to one radar than to an-
other. The Cartesian grid has an equal resolution in zonal and meridional direction.
However, radar measurements in polar coordinates, with increasing beam width
with increasing distance from the radar, serve as input. As a result the information
of far more radar bins are available for a single Cartesian grid closer to the radar than
at far distance from the radar. This causes a “checkerboard” pattern on the edge of
the radar ranges, which is visible in Figure 3.3a in the North of the overlapping area
(e.g. 51.5 ◦N, 7.8 ◦E) and again after comparison in the RMSE in Figure 3.3c & 3.3d
and therefore affects the evaluation.

Ground clutter: Even though all radars observe a common area, not all radars
are affected by the same ground clutter to the same extent. This depends on the
location and height of the radar above ground, the elevation of the scan used and the
location of the clutter source. E.g. in Figure 3.2b at 51.0 ◦N, 7.5 ◦E three black stripes
are visible inside the attenuated shadow. Since the pattern remains in the RMSE
(Figure 3.3d) it biases the evaluation results despite reliable attenuation correction.

Dynamic clutter: The overlapping area is in the vicinity of a major European air-
port (Frankfurt international airport). Unlike ground clutter, dynamic and therefore
moving clutter, like e.g. from airplanes or other airborne vehicles, is not identified by
standard routines (Hubbert et al., 2009; Frech, 2014). When airborne vehicles move
close to or into the precipitation area, e.g. a landing airplane, they can strongly af-
fect polarimetric variables, similar to wind turbines (Kong et al., 2013; Frech and
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Seltmann, 2017; Seltmann and Böhme, 2017). Particularly for event 2014-06-09 this
seems to be the case. Overcorrections were most likely caused by false echoes, which
in turn were caused by moving objects at the edge of the overlapping area.

Total signal extinction: During severe storms with giant hail or high concentra-
tions of hail, total signal extinction can occur with no means to restore the data.

Calibration errors: Calibration of e.g. differential reflectivity ZDR is addressed
by so called bird-bath scans, i.e. the radar dish is pointing vertically, in each 5 min
scan schedule for the DWD radar network (Helmert et al., 2014). By contrast, ab-
solute calibration cannot be done in similar frequency for horizontal reflectivity Zh.
However, the DWD uses nearby micro rain radars (MRR) to estimate the bias be-
tween radar and MRR and thereby calibrates Zh of the radar. Albeit this well elabo-
rated method reduces the residual bias to less than 1 dB, not all radars in the network
benefit from this as not all radar sites have a MRR in their vicinity yet (Frech et al.,
2017). Therefore, miscalibration between radars might affect the deviations between
some radars, too.

3.5 Summary and Conclusion

Techniques for correction of attenuation introduced by Testud et al. (2000), Gu et al.
(2011) and Ryzhkov et al. (2013b) were extended for attenuation correction for C
band during precipitation of hail. ZPHI and hot spot method, ray segmentation and
iterative attenuation parameter adjustment proved to be effective. Combining these
techniques, extending for multiple hot spots in single rays and adapting them for
hail and C band formed the attenuation correction proposed here.

Application of the attenuation correction requires knowledge about the existence
and location of so called hot spots. Criteria for identifying these hot spots, based on
thresholds of polarimetric moments and spatial extent, were defined. Furthermore,
to enhance the signal and improve the robustness of the algorithm, techniques for
ΦDP spike and noise filtering were introduced.

The introduced attenuation correction was tested with four overlapping C-band
radars of the DWD radar network. Overall 16 events from 2013 to 2018 were used to
evaluate and check for consistency of the attenuation correction. During the majority
of the events, the attenuation correction proved to mitigate attenuation effects.

A detailed quantification of the performance, i.e. a comparison of overlapping
radar measurements where attenuation is the only difference was impossible. This
is due to several other effects, like clutter, unequal bin filling, time gap between
radar measurements, ..., which hindered the comparison. Nevertheless, the impact
of attenuation could be shown and the effectiveness of the attenuation correction
proven.
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Chapter 4

A Hail Size Discrimination
Algorithm at C Band

In this chapter a modification of the Hail Size Discrimination Algorithm (HSDA)
following the principle of Ortega et al. (2016), but adjusted for C band, is attempted.
For this purpose, hail is simulated using a T-matrix scattering simulation to obtain
ranges of polarimetric variables for different hail size classes.

First, the fuzzy logic, the HSDA and the T-matrix approach for scattering sim-
ulations are explained. Second, the HSDA modification approach and particle sim-
ulation results are presented. Third, unsupervised learning methods are attempted
and discussed. Lastly, the chapter closes with discussions and recommendations for
future work.

4.1 Fuzzy Logic and Hail Size Discrimination

4.1.1 Fuzzy logic hydrometeor classification

Fuzzy logic, introduced by Zadeh (1965), is a technique to extend the Boolean logic,
so that there is not only “true” (1) or “false” (0) as truth value, but any real number
between 0 and 1 (partial truth, Novák et al., 1999).

In meteorology, fuzzy logic schemes are applied to identify dominant hydrome-
teors in a volume observed by a polarimetric radar (e.g. Dolan and Rutledge, 2009;
Park et al., 2009; Thompson et al., 2014, among others). Instead of using strict in-
tervals for certain hydrometeor classes, such as large hail has to have a reflectivity
factor strictly between 50 and 70 dBZ, the polarimetric data is fuzzificated. I.e. a
membership function, whose input is a polarimetric measurement, yields a value
between 0 and 1, which classifies how likely a certain hydrometeor is present.

Dolan and Rutledge (2009) constructed a fuzzy logic hydrometeor identification
using one-dimensional beta functions as membership functions for each hydrome-
teor class and polarimetric variable. They conducted scattering simulations to obtain
value ranges of polarimetric variables for liquid and frozen hydrometeors at S and
X band. The simulation results are used to determine the parameters of the beta
function, i.e. spread width, “midpoint” and slope (see equation 14 in Dolan and
Rutledge, 2009). For each hydrometeor a total score is calculated by adding up the
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individual, weighted membership function result of each variable. The hydrome-
teor with the highest score is assumed to be the dominant hydrometeor within the
observed volume (Dolan and Rutledge, 2009). Their algorithm, however, excluded
hail and mixed-phase categories.

Similar to Dolan and Rutledge (2009), Thompson et al. (2014) use scattering sim-
ulations and membership beta functions to obtain a hydrometeor classification for
winter precipitation (wet snow, aggregates, plates, dendrites, small ice crystals, rain,
and freezing rain) at X, C and S band. Hydrometeor classes above the melting layer
are discerned without the need for external temperature information, using polari-
metric data only and utilizing a melting layer detection algorithm. This allows for
revealing important microphysical features in winter storms, like dendritic and plate
crystal growth zones, snowflake aggregation, finescale melting layer fluctuations
and melting layer descent (Thompson et al., 2014). Below the melting layer, freezing
rain is discerned from the rain class by temperature information from soundings.
Although graupel is possible during winter precipitation, a graupel category or hail
classes were not included in Thompson et al. (2014).

Park et al. (2009) introduced a fuzzy logic scheme which uses trapezoidal mem-
bership functions to discriminate between 10 hydrometeor classes, including a mix-
ture of rain and hail. The range of polarimetric variables, and thus the shape of the
trapezoidal membership functions, is based on educated guesses and observations,
using “typical values” for each hydrometeor class (Park et al., 2009). Their hydrom-
eteor classes are intended to be suitable for cold and warm seasons. The algorithm
features a confidence vector, individual weighting for each pair of hydrometeor class
and polarimetric variable, reflectivity-dependent membership functions, considera-
tion of melting layer height for easier separation between liquid and frozen particles,
and a vertical continuity check. The confidence vector uses a Gaussian function to
estimate the effects of nonuniform beam filling, attenuation, statistical error, partial
beam blockage and noise on the classification.

The membership functions used in the following are trapezoidal and are defined
by four values (x1, x2, x3, x4, see Figure 4.1) only, and do not require complex dis-
tributions for determining probabilities. Between x1 and x2 the probability increases
from 0 to 1, is 1 between x2 and x3 and declines from 1 to 0 between x3 and x4.
This simple function keeps the computational effort low and the algorithm easy to
comprehend.

For each hydrometeor class i the probability is aggregated into an “aggregation
value” Gi (Park et al., 2009)

Gi =
∑j Wi,jQjPi(Vj)

∑j Wi,jQj
, (4.1)

where Pi(Vj) is the membership function, as explained above, for the polarimetric
measured variable j with value Vj. To reflect the varying relevance between differ-
ent polarimetric variables on detection of hydrometeor classes, a weighting function
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FIGURE 4.1: Trapezoidal membership function as described in the text.

Wi,j is used. Also, Park et al. (2009) introduce a confidence vector Qj to take the
quality of the measurements into account. Depending on the algorithm, different
polarimetric variables and restrictions are used. E.g. Park et al. (2009) utilize hori-
zontal reflectivity factor Zh, differential reflectivity ZDR, correlation coefficient ρhv,
the specific differential phase ΦDP (in logarithmic scale) and spatial fluctuations of
Zh and ΦDP. Finally, the hydrometeor class with the highest aggregation value is
chosen.

4.1.2 Hail size discrimination algorithm at S band

Ryzhkov et al. (2013b) and Ortega et al. (2016) introduce a hail size discrimination
algorithm (HSDA), which is based on the concept of the fuzzy logic hydrometeor
classification algorithm (HCA; Park et al., 2009). In areas where the HCA identifies
a rain / hail mixture, the HSDA further discriminates between the three hail size
classes, small (diameter D < 2.5 cm), large (2.5 cm ≤ D < 5 cm) and giant hail
(D ≥ 5 cm). “These [three] classes were chosen on the basis of current [National
Weather Service] thresholds for severe-hail criteria” (Ortega et al., 2016, p. 830).
Trapezoidal membership functions are used for the polarimetric variables horizontal
reflectivity factor Zh, differential reflectivity ZDR, and co-polar correlation coefficient
ρhv to distinguish hail sizes.

Similar to Park et al. (2009), Ortega et al. (2016) use the relative height with re-
spect to the melting layer as an additional constraint to distinguish between hydrom-
eteor types. The HSDA discerns six height intervals, which are dependent on the
wet-bulb temperature. For each height interval, different parameters for the trape-
zoidal membership functions are used (as shown e.g. in Table 2 in Ortega et al.,
2016).

The result of the fuzzy logic hydrometeor classification and hail size discrimina-
tion is dependent on the restrictions being made, but even more on the parameters
set for the membership functions. Therefore, these parameters have to be chosen
carefully, e.g. by utilizing scattering simulations, and require a good evaluation.
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4.2 T-Matrix Scattering Simulations

Scattering of electromagnetic waves by nonspherical particles is not a trivial task to
calculate. The transmission matrix ¯̄T or T-matrix, originally introduced by Water-
man (1971), allows for precise scattering simulation without the need of a Rayleigh
approximation (Ryzhkov et al., 2010). As shown in equation 2.15, the T-matrix is
independent of the incident and scattered wave. As long as the shape, size and
refractive index of the particle do not change, the T-matrix only needs to be calcu-
lated once. Therefore, any particle orientation can be calculated without the neces-
sity to recalculate the whole scattering processes (Mishchenko et al., 1996, p. 537).
Mishchenko et al. (1996) describe this method as “especially attractive mathemati-
cally and efficient and powerful numerically” (p. 535). Because of this efficiency, the
T-matrix approach is used in many meteorological scattering simulations. For non-
spherical single layered spheroids a FORTRAN code (Mishchenko, 2000) as well as
a python module (Leinonen, 2014) is available to the public. With this, e.g. dry hail
can be simulated for various sizes.

Although Ryzhkov et al. (2010) mention that smaller, melting hail can be simu-
lated with a single layered spheroid, as long as the mass water fraction is equal and
the hail is not too large, they strongly recommend to use double layered spheroids
for water coated hail. Especially large hail with low mass water fraction would
produce a much larger error if no double layered spheroid is used (Figure 3 & 4
in Ryzhkov et al., 2010). Here, the more complex approach for double layered
spheroids following Ryzhkov et al. (2010) and Ryzhkov et al. (2013a) is used.

4.2.1 Dual-layered scattering simulations

A T-matrix simulation for dual-layer spheroids is used to estimate scattering char-
acteristics of melting hail. The inner layer consists of solid ice, coated with a layer
of water. Refractive indices of ice and water are calculated based on equations from
Cole and Cole (1941) and Zhang (2016). Single-layer scattering simulations typi-
cally require an effective medium approximation to estimate dielectric constants for
particles like melting hail, which are mixtures of water and ice. Although different
approaches exist, all come with their specific advantages and disadvantages (Zeng
et al., 2016). Using dual-layer scattering simulation eliminates the problem of calcu-
lating dielectric constants with mixed media, like melting hail, when only pure ice
and water, i.e. without air-inclusions, are used for each layer. However, the formulas
used by Zhang (2016) are based on square-fitted experiment data and thus may in-
troduce other uncertainties. The dielectric constants used align with Ryzhkov et al.
(2010).

The results of this dual-layered simulation code are consistent with another dual-
layer T-matrix study of wet hail (Depue et al., 2007), as shown in Figure 4.2. For
both differential reflectivity and linear depolarization ratio the curves exhibit sim-
ilar shapes compared to Depue et al. (2007). There are some differences though,
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e.g. the values of ZDR are overall a bit lower (by ∼ 0.2 dB) and LDR has a much
lower minimum at 30 mm (∼ 3 dB lower) in this simulation. Also, in the simulations
shown here the outer diameter of the water coated particles is 0.5 mm bigger than
the inner diameter. However, a 0.5 mm thick water coat is described in Depue et al.
(2007), i.e. the equivolume diameter of the outer water spheroid and the inner ice
spheroid should differ by 1 mm. This led to slightly different results, though. There-
fore, only a water coat of 0.25 mm, i.e. the outer diameter is 0.5 mm bigger than the
inner diameter, is shown in the simulations. Since the exact refractive indices and
temperatures used in Depue et al. (2007) are unknown, it is reasonable to assume
that the differences in the shown curves might be due to an unknown difference in
the refractive indices.

Figure 4.3 shows the simulated polarimetric variables at C band using the dual-
layer T-matrix code for wet hail with the set of parameters shown in Table 4.1. Re-
flectivity factor, differential reflectivity, cross-correlation coefficient, and linear de-
polarization ratio indicate strong resonance effects for hail diameters of 19 mm and
less pronounced effects for diameters of 88 mm. At these resonance diameters, val-
ues of multiple simulated polarimetric variables reach both minima and maxima.
Among all polarimetric variables, only specific attenuation Ah exhibits monotonic
increase for hail diameters exceeding 15 mm. This makes specific attenuation Ah a
very promising parameter for hail size discrimination at C band. Other variables
show extreme fluctuations and therefore their use for hail size discrimination might
be ambiguous if used exclusively.

TABLE 4.1: Parameters for a dual-layered hail scattering simulation.

axis
ratio

icecore
density

thickness
of

water
coat

simulation
steps

Std.
dev.

canting
angle

temper-
ature

radar
wave-
length

(1) (g cm−3) (mm) (mm) (◦) (◦C) (mm)

Wet
hail

0.75 0.93 0.10 0.10 40 0.0 53

4.2.2 Dual-layer vs. single-layer

To further test the plausibility of the dual-layered T-matrix code, it is compared with
the evaluated single-layer T-matrix code from Leinonen (2014), i.e. the Python im-
plementation of the code from Mishchenko and Travis (1998). Both T-matrix sim-
ulations are performed for dry hail with diameters of less than 30 mm. For the
dual-layer simulation, the outer and inner layer are set up with equal parameters
to mimic scattering behavior of a single-layered particle. The results of the single-
layer T-matrix simulation, together with the dual-layer T-matrix simulation with
double precision and quadruple precision, are shown in Figure 4.4. Generally the
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FIGURE 4.2: T-matrix scattering simulation of differential reflectivity (left panel) and linear
depolarization ratio (right panel) against equal volume particle diameter for a particle with
a solid ice core and a water coat of 0.5 mm total thickness. Simulation parameters are chosen
accordingly to Depue et al. (2007) to compare with their wet hail simulation (see their Figure
2, dashed line “W25”).

results differ from Figure 4.3 as dry hail has different scattering properties, and res-
onance effects differ between dry and wet hail. Although equal simulation param-
eters are used for both single- and dual-layered simulations, and most lines align
in terms of their shape, the simulations exhibit differences of up to e.g. 0.2 dB for
ZDR, ∼ 1 dB km−1 for Ah and ∼ 8 dBZ for Zh. Other polarimetric variables like e.g.
ρhv show diverse resonance effects with peak-like behavior for dual-layered simu-
lations but asymptotic behavior for single-layered simulations between 22 mm to
26 mm. Also, LDR and ZDR demonstrate such pronounced differences. Addition-
ally, the dual-layer T-matrix simulation shows less spurious fluctuations. Neverthe-
less, the differences between single- and dual-layered simulations are mostly minor
compared to their magnitude. With the confidence achieved based on the intercom-
parison for dry hail, the dual-layer code is used for the ensuing development of the
HSDA, where melting hail has to be taken into account.



4.2. T-Matrix Scattering Simulations 37

0 20 40 60 80 100
Equal Volume Particle Diameter (mm)

40

20

0

20

40

60

80

ho
r. 

Re
fle

ct
iv

ity
 fa

ct
or

 (d
BZ

)

0 20 40 60 80 100
Equal Volume Particle Diameter (mm)

4

3

2

1

0

1

2

3

Di
ffe

re
nt

ia
l R

ef
le

ct
iv

ity
 (d

B)

0 20 40 60 80 100
Equal Volume Particle Diameter (mm)

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

ho
r. 

sp
ec

ifi
c 

At
te

nu
at

io
n 

(d
B/

km
)

0 20 40 60 80 100
Equal Volume Particle Diameter (mm)

6

5

4

3

2

1

0

Sp
ec

ifi
c 

Di
ffe

re
nt

ia
l P

ha
se

 (d
eg

/k
m

)

0 20 40 60 80 100
Equal Volume Particle Diameter (mm)

0.0

0.2

0.4

0.6

0.8

1.0

Co
rre

la
tio

n 
Co

ef
fic

ie
nt

 (1
)

0 20 40 60 80 100
Equal Volume Particle Diameter (mm)

25

20

15

10

5

0

Lin
ea

r D
ep

ol
ar

iza
tio

n 
Ra

tio
 (d

B)

0 20 40 60 80 100
Equal Volume Particle Diameter (mm)

150

100

50

0

50

100

150

Ba
ck

sc
at

te
r P

ha
se

sh
ift

 (d
eg

)FIGURE 4.3: T-matrix scattering simulation of Zh (upper left panel), ZDR (upper right panel),
Ah (middle left panel), KDP (middle right panel), ρhv (lower left panel) and LDR (lower right
panel) against equal volume particle diameter for wet hail. The simulation parameters are
given in Table 4.1.
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FIGURE 4.4: T-matrix scattering simulation with single-layered (blue solid line) and dual-
layered particles, the latter calculated in double (dp; solid orange line) and quadruple pre-
cision (qp; dashed green line). Shown are the polarimetric variables Zh (upper left panel),
ZDR (upper right panel), Ah (middle left panel), KDP (middle right panel), ρhv (lower left
panel) and LDR (lower right panel) against equal volume particle diameter. The particles
are composed of solid ice at 0 ◦C, have an axis-ratio of 0.75 and the standard deviation of the
canting-angle distribution is 40◦.
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4.3 A New Hail Size Discrimination Algorithm For C Band

Before a hail size discrimination can be applied, hail needs to be detected first, re-
gardless of size. E.g. the S-band HSDA (Ortega et al., 2016) can only discriminate
hail which is already detected by a hydrometeor classification algorithm (Ryzhkov
et al., 2013b). Therefore, hail detection at C band is investigated first to allow a simi-
lar approach to be followed.

In order to assess the applicability of the HSDA developed for S band by Ortega
et al. (2016) to C-band radar measurements, C- and S-band measurements are re-
quired for the same hail-bearing storm. For this purpose two quasi-collocated radar
sites in Alabama, KEOX1 (S band) and EEC2 (C band), are used. The sites are ap-
proximately 40 km apart from each other.

A two-layer T-matrix scattering model is used to obtain scattering amplitudes of
dry and wet hail. The code for the model used here is the same as in Ryzhkov et al.
(2013a). Temperature dependent dielectric constants are calculated following Cole
and Cole (1941) and Zhang (2016).

The shape of the hydrometeors also impacts the scattering characteristics and re-
lies on already published models and assumptions. The axis-ratio γ for rain droplets
with diameter D (in mm) is calculated following Ryzhkov et al. (2010)

γ = 0.9951 + 0.02510 · D− 0.03644 · D2 + 0.005303 · D3 − 0.0002492 · D4 . (4.2)

For dry, small hail/graupel with diameter D the axis-ratio γ is estimated following
Ryzhkov et al. (2010)

γ =

{
1− 0.02 · D if D < 10 mm ,
0.8 if D ≥ 10 mm .

(4.3)

Tumbling of hydrometeors is considered with a “two-dimensional axissymmet-
ric gaussian distribution of orientations” (Ryzhkov et al., 2010). By providing a stan-
dard deviation of the canting angle, angular moments can be calculated. The polari-
metric variables are then calculated using the scattering amplitudes obtained by the
T-matrix and the angular moments as described in Ryzhkov et al. (2010).

4.3.1 Performance of the unmodified algorithm

Park et al. (2009) presented a hydrometeor classification algorithm (HCA). It is used
operationally and was extended to discriminate between small, large and giant hail
(see Ortega et al. (2016)). As the HSDA is based on the HCA and requires HCA’s
hail detection in order to discriminate hail, the applicability of the HCA at C band is
investigated first.

1KEOX is not an abbreviation, but the four letter location identifier of the International Civil Avia-
tion Organization (ICAO) of the radar site.

2EEC stands for the manufacturer Enterprise Electronics Corporation on whose ground the radar is
located, too.
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Figure 4.5 shows the application of the HCA to two quasi-colocated S- and C-
band radars (provided by courtesy of Pengfei Zheng (NSSL)). Application of the
S-band measurement (see Figure 4.5a) reveals widespread rain with some cells bear-
ing heavy rain and hail. Further away only snow is detected as the melting layer is
passed. The classification seems to be quite plausible for this example. For the same
date and time the close-by C-band radar captured the same storm. However, re-
sults of the HCA at C band are different (Figure 4.5b). First of all, the C-band radar
suffers from strong attenuation at locations where hail was detected with S-band
data. This is not a shortcoming of the applied algorithm as this problem is related
to wavelength properties. However, for a successful hydrometeor classification and
hail discrimination at C band, attenuation is highly recommended being monitored
and included in the algorithm (as pointed out in section 4.2.1 and Schmidt et al.
(2017)).

Secondly, most of the area is classified as big drops instead of rain and almost
no hail was detected. A possible reason for the failure of the published HCA at C
band is that reflectivity and differential reflectivity for hail at C band is generally
lower than at S band (see e.g. Figure 8 and 15 in Ryzhkov et al. (2013a)). Clearly,
proper adjustments to the algorithms have to be elaborated before hail size can be
discriminated or hail detected at C band at all.

(A) S band (KEOX) (B) C band (EEC)

FIGURE 4.5: The hydrometeor classification algorithm (HCA) as in Park et al. (2009) for two
quasi-colocated radar sites, a) KEOX and b) EEC, in Alabama, USA, measured on January 21,
2017 16:43 UTC. The ordinate shows the meridional and the abscissa the zonal distance from
the radar site in km. The gray color marks areas without classifiable echoes inside the radar
range. The different hydrometeor classes are indicated by color. Here RH is an abbreviation
for rain and hail mixture, HR for heavy rain, RA for rain, BD for big drops, GR for graupel,
CR for ice crystals, WS for wet snow, DS for dry snow, BS for biological scatter and GC for
ground clutter (compare with Park et al. (2009)).

4.3.2 Simulated hydrometeors

To obtain useful parameters for the fuzzy logic, a broad variety of hydrometeors
need to be simulated. The following simulations only include rain and hail particles,
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since only spheroids can be simulated and the distinction between rain and hail is
most crucial.

To simulate all possible rain drops which could appear in the radar volume, a
variety of different settings has to be considered in the simulations. The following
specifications of simulation parameters should cope with all probable kinds of rain
drops to some extent:

• Using the dual-layer code for raindrops. Both the inner and outer layer consist
of liquid water.

• Dielectric constants are calculated for 30 ◦C, 20 ◦C, 10 ◦C and 0 ◦C.

• Drop diameters from 0.1 mm and up to 50 mm are used with a step size of
0.1 mm.

• Tumbling: Canting angle distributions have standard deviations of 7◦, 10◦, 20◦

or 45◦.

• Axis-ratio of droplets depends on drop diameter and follows equation 4.2.

In addition to rain, big drops are added with their own category. The specifica-
tions are set equal to rain drops, except for the drop diameters, which range from
50 mm up to 60 mm.

For hail - in general - other specifications are important. Not only can hail be
dry and wet, but also appears in various combinations of size, shape and density.
Later on three size categories for hail will be used: small hail (D < 2.5 cm), large hail
(2.5 cm ≤ D < 5 cm) or giant hail (D ≥ 5 cm). Therefore, the simulation results will
be split into these three groups as well. The following specifications for hail will be
considered in the simulations:

• The medium of the inner layer is solid ice, while the outer is either solid ice
(dry hail) or liquid water (wet hail).

• If the outer medium is liquid, the water coat will be simulated to be 0.5 mm
thick. I.e. the outer diameter is 1 mm thicker than the diameter of the inner
medium.

• Dielectric constants are calculated at 20 ◦C, 0 ◦C and −10 ◦C for each medium,
i.e. various combinations of different temperatures are possible for the mixed-
phase hydrometeors.

• Particle diameters from 1 mm up to 24 mm (small hail), 25 mm up to 49 mm
(large hail) and 50 mm up to 100 mm (giant hail), each with 1 mm step-size, are
used.

• Tumbling: Canting angle distributions have standard deviations of 7◦, 10◦, 20◦

or 45◦.
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• Axis-ratio for small hail follows equation 4.3. For large and giant hail it will
be set to 0.5, 0.6, 0.7, 0.8, 0.85, 0.9, 0.95 and 1.0. I.e. 8 different axis-ratios are
simulated for each hail diameter ≥ 25 mm.

For each hydrometeor type the simulation results are presented as colored his-
tograms in Figures 4.7 (small, wet hail), 4.8 (small, dry hail), 4.9 (large, wet hail), 4.10
(large, dry hail), 4.11 (giant, wet hail), 4.12 (giant, dry hail), 4.13 (rain) and 4.14 (big
drops) along with their trapezoidal membership functions, which were obtained by
using the 5, 25, 75 and 95 percentiles of the simulated polarimetric values. The his-
tograms for small hail (Figure 4.7 & 4.8) and liquid particles (Figure 4.13 & 4.14) are
shown for different standard deviations of the canting angle distribution. Their axis-
ratios are set by the function shown in equation 4.3 for small hail and equation 4.2
for rain. The results for large and giant hail did not demonstrate a dependency on
the canting angle distributions. Accordingly, the histograms for large and giant hail
(Figure 4.9 & 4.10 and Figure 4.11 & 4.12) are separated by axis-ratios, for which a
dependency is visible.

Dry, small hail (Figure 4.8) exhibits much smaller ZDR (up to 1.5 dB) than wet,
small hail (Figure 4.7). ρhv shows a broader distribution for wet, small hail compared
to dry, small hail, where the values seem to be monodisperse. A similar behavior
is observed for Ah and DR, where the distributions of wet, small hail are almost
uniform. This is in contrast to dry, small hail, where more values are close to 0. Vice
versa, the Zh values are distributed equally for small, dry hail between 40 dBZ and
∼ 64 dBZ, but bimodal for wet, small hail. Here the values mainly are concentrated
well above 65 dBZ and do not exceed 80 dBZ. A secondary, smaller peak is present
at 40 dBZ. KDP is mostly positive and up to 5 ◦ km−1 for dry, small hail, whereas
wet, small hail shows equally positive and negative values between −20 ◦ km−1 to
15 ◦ km−1, with most values around 0 ◦ km−1.

Hail diameters exceeding a specific diameter, dependent on the wavelength and
whether the particle is water coated or not, tend to have negative KDP due to strong
resonance effects (e.g. see Figure 4.3 or Ryzhkov et al. (2013a), Figure 8e&f). Nev-
ertheless, KDP of −20 ◦ km−1 seems to be quite extreme for small hail. Such values
only occur for rare resonance sizes at low standard deviations of the canting angle
distribution, and with water coats of 0.5 mm e.g. as shown in Figure 4.6. Here KDP

already drops below −20 ◦ km−1 at a diameter of 9 mm (Figure 4.6b). A less spuri-
ous and more gradual decrease of KDP with hail size is only visible for thinner water
coats (Figure 4.6a).

For small hail, the different canting angle distributions mostly affect ZDR, KDP,
but not so much other polarimetric variables. This is expected as ZDR is reduced for
tumbling particles and KDP is dependent on the particle orientation, as indicated in
section 2.1.2.

Large, wet hail (Figure 4.9) and giant, wet hail ( Figure 4.11) mostly exhibit sim-
ilar distributions, albeit with different magnitudes. E.g. ZDR is centered around
0 dB with values between −6 dB to 6 dB and −11 dB to 11 dB for large and giant wet
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FIGURE 4.6: T-matrix scattering simulation of KDP for wet hail with a) 0.1 mm thick water
coat and b) 0.5 mm thick water coat for canting angle distributions with standard deviations
of 7◦, 10◦, 20◦ and 45◦. Other simulation parameters are given in Table 4.1.

hail respectively. Similarly, KDP is centered around −3 dB km−1 for large, wet hail
and reach values between −286 dB km−1 to 73 dB km−1, while the center for giant,
wet hail is around −16 dB km−1 and ranges from −20 dB km−1 to 20 dB km−1. Al-
most identical distributions exist for DR, where two modes are visible, one centered
around −20 dB and a smaller one between −80 dB to −60 dB. Here, a strong depen-
dency on the axis-ratio is visible, going from almost 0 dB for an axis-ratio of 0.5 to
−80 dB for an axis-ratio of 0.999. This is expected, as DR is highly dependent on the
particle shape. Also, ρhv shows very similar distributions between the two size cate-
gories. Most values peak close to 1 and strongly decrease until 0.65 for large and 0.6
for giant wet hail. Both large and giant wet hail exhibit two modes in Zh with their
primary mode centered around 80 dBZ. A secondary mode is visible around 70 dBZ
for large and around 95 dBZ for giant wet hail. The latter is primarily generated by
very oblate particles with axis-ratios of 0.6 and 0.5, which even exceed 100 dBZ.

The distributions of large, dry hail (Figure 4.10) and giant, dry hail (Figure 4.12)
show more pronounced differences compared to their wet counterparts. E.g. ZDR is
centered around −0.7 dB and ranging from −6 dB to 7 dB for giant dry hail, while
large dry hail is much more broadly distributed with a maximum at −0.25 dB and
decaying from 1 dB to −12 dB. Nevertheless, ρhv and DR show identical distribu-
tions between large and giant dry hail. DR exhibits, similar to the wet hail, a strong
dependency on the axis ratio. Large, dry hail demonstrates only negative KDP from
−80 ◦ km−1 to 0 ◦ km−1, where values between −80 ◦ km−1 to −40 ◦ km−1 are only
observed for very oblate particles with axis-ratios of 0.6 and 0.5. Giant, dry hail ex-
tends to positive values of KDP ranging from−200 ◦ km−1 to 55 ◦ km−1. The particles
causing positive KDP have an axis-ratio of 0.8 and above. Ah does not demonstrate a
dependency on axis-ratio for large and giant dry hail. The distribution is mostly uni-
form between 14 dB km−1 to 78 dB km−1 for large, dry hail and between 56 dB km−1

and 200 dB km−1 with a peak at 75 dB km−1 for giant, dry hail. A tendency towards
higher Zh values for more spherical axis-ratios is visible for both large and giant dry
hail, albeit a bit less for the former size. The distribution is centered around 82 dBZ
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for giant and around 71 dBZ for large dry hail.
Simulated rain drops (Figure 4.13) and big drops (Figure 4.14) differ in all shown

distributions despite the fact that both are liquid. E.g. big drops do range from
20 dBZ to 65 dBZ in Zh, but most values are centered around 50 dBZ. Rain drops
have their maximum at 27 dBZ, but values are distributed with decreasing likeliness
down to−28 dBZ. Almost all values of ρhv for rain drops concentrate at 1, except for
a few resonance cases, while values for big drops seem to be equally spread between
0.5 and 0.95. Similarly, KDP values for rain drops are positive only and are mostly
concentrated close to 0 ◦ km−1. KDP for big drops spreads almost equally between
−1.75 ◦ km−1 to 1.6 ◦ km−1, except for a slight drop around −0.5 ◦ km−1 and a peak
at 0 ◦ km−1. As expected, Ah is very low (� 0.1 dB km−1) for rain drops. Big drops
show low values, but also have a secondary maximum reaching values of up to
0.41 dB km−1.

Also, canting angle distributions show stronger dependency for big drops than
for rain drops. This is well visible in e.g. the histogram for DR, where big drops with
values between−10 dB to−5 dB are mostly dominated by particles with wider cant-
ing angle distributions, while values closer to 0 dB are mainly produced by particles
with narrow canting angle distributions. Rain drops cover DR ranges from −80 dB
to −1 dB, but do not show a similar dependency on the canting angle distribution.
Similarly, ZDR for big drops ranges from −12 dB to 27 dB, with clear domains for
each of the four simulated canting angle distributions. Rain drops exhibit positive
values mainly between 0 dB to 3 dB, except for a few resonance cases. A weak de-
pendency on the canting angle distribution is visible in the sense that particles with
a canting angle standard deviation of 45◦ only appear close to 0 dB.

The derived trapezoidal membership functions are also shown in Figure 4.15 to
facilitate the comparison between different hydrometeor types. Here Zh indicates
good capabilities to distinguish between various hail sizes and between rain and
hail. However, size categories for wet hail overlap more and big drops overlap with
small hail, too. Surprisingly, ZDR seems to be less helpful. For wet hail all size cat-
egories overlap. Distinction between rain and hail appears to be difficult with ZDR

at C band, although this polarimetric variable is very valuable at S band (Ander-
son et al., 2011; Ryzhkov et al., 2013a). Trapezoidal membership functions for ρhv

do not contribute to size discrimination capabilities at all. However, rain drops and
big drops differ largely here. Most promising for hail size discrimination is Ah, for
which all membership functions are clearly distinguishable. Still, the values calcu-
lated for Ah are highly doubtable to be observed at such magnitudes. The same is
true for KDP, where membership functions mostly included large, negative values.
Typically, ΦDP filtering and smoothing (see e.g. section 3.3) would filter these nega-
tive bumps out, if they ever appear in such magnitude. DR does not exhibit strong
size discrimination capabilities, but is anticipated to be able to clearly distinguish
spiky hail stones from smaller raindrops (Ryzhkov et al., 2017). While the first three
polarimetric variables, Zh, ZDR and ρhv are available, the latter three, Ah, KDP and
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DR have to be estimated and/or derived after signal post-processing. This might
limit the quality and therefore the possible contribution to the latter algorithm. It
can be concluded that a very good combination of these variables and membership
functions has to be chosen to allow for proper hail size discrimination.
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(A) horizontal reflectivity factor (dBZ)
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(B) differential reflectivity (dB)20 0 20 40 60 80
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(C) specific attenuation (dB km−1)
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(D) co-polar correlation coefficient (1)
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(E) specific differential phase (◦ km−1)
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(F) depolarization ratio (dB)

FIGURE 4.7: Probability of occurrence of a) Zh, b) ZDR, c) Ah, d) ρhv, e) KDP and f) DR
(see equation 2.36) values in T-matrix scattering simulation for small, wet hail shown as
histogram for different canting angle standard deviations. The histograms consist of 30 bins.
See text for simulation specifications. Trapezoidal membership function in red is obtained
by using 5, 25, 75 and 95 percentiles of simulated values as parameters for the trapezoid.

4.3.3 Adjusted hail size discrimination algorithm and results

An adjusted hail size discrimination algorithm similar to Ortega et al. (2016) can be
obtained using the membership functions resulting from the scattering simulations
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(A) horizontal reflectivity factor (dBZ)
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(B) differential reflectivity (dB)20 0 20 40 60
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(C) specific attenuation (dB km−1)
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(D) co-polar correlation coefficient (1)
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(E) specific differential phase (◦ km−1)
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(F) depolarization ratio (dB)

FIGURE 4.8: Same as Figure 4.7, but for small, dry hail.

(see Figure 4.15). As pointed out before, the weighting can influence the final results
largely. In the following the performance of this HSDA using the same variables (Zh,
ZDR and ρhv) and weighting (1, 0.3 and 0.6) as in Ortega et al. (2016) (see their Table
1, first row) is illustrated using an example case.

Radar Essen monitored a severe thunderstorm with multiple, hail-bearing cells
on 23.06.2016. These storms destroyed roofs, chimneys, windows and cars with a
damage sum of several million euros in the Netherlands and North Rhine-Westphalia
with hail exceeding 7 cm in diameter3. Figure 4.16 shows PPIs of polarimetric vari-
ables Zh, ZDR, KDP, ρhv and Ah (using the algorithm described in chapter 3) for this
event at 20:00 UTC. In the PPI of the reflectivity factor (Figure 4.16a) and especially

3Sources: https://www.ed.nl/default/miljoenenschade-in-zuidoost~a744b3e7/ and https:

//www.weerwoord.be/m/2203962, last accessed on 16.12.2019, 16:22 UTC

https://www.ed.nl/default/miljoenenschade-in-zuidoost~a744b3e7/
https://www.weerwoord.be/m/2203962
https://www.weerwoord.be/m/2203962
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in ZDR (Figure 4.16b), effects of strong attenuation are visible for multiple, distinct
cells, e.g. at 270◦ azimuth angle and at about ∼ 80 km range, at 300◦ azimuth angle
and at about ∼ 50 km range, at 230◦ azimuth angle and at about ∼ 130 km range,
at 15◦ azimuth angle and at about ∼ 100 km range, and at 30◦ azimuth angle and at
about ∼ 125 km range. These attenuation effects emerge as shadows behind the hail
core e.g. with negative ZDR falling below −4 dB and total signal extinction (at 310◦

azimuth and 95 km). Within these cells specific differential phase is around 5 ◦ km−1

to 9 ◦ km−1 and specific attenuation exceeds 2 dB km−1. Co-polar correlation coeffi-
cient ρhv drops below 0.9 in the hail cores and below 0.5 in the shadows.

Figure 4.17 shows the hail size discrimination applied to the example case in-
troduced using Zh, ZDR and ρhv and the membership functions from the scattering
simulation results (see Figure 4.15). The weighting (1, 0.3 and 0.6) is the same as in
Ortega et al. (2016) for heights 3 km above the melting layer (see their Table 1, first
row). Even though the radar beam here is below the melting layer for the whole
range, this weighting vector yielded the best result from all weightings in Ortega
et al. (2016). Clearly, most precipitation in the PPI is classified to be big drops and
small, wet hail. Also, some streaks of large, dry hail are visible. Mostly the edges
of the precipitation areas are identified as rain. Only single pixels, scattered across
265◦ to 280◦ azimuth, show giant, wet hail. So far neither KDP nor Ah were used,
albeit the latter variable proved to have the best hail size discrimination capabilities.
To include two more variables a new weighting vector has to be chosen. All possible
weighting vectors with weights Wi,j =

ni,j
10 , ∀ni,j ∈ Z , 0 ≤ ni,j ≤ 10 have been

attempted for all hydrometeor classes i and polarimetric moments j, however none
of these 1771561 weighting vectors yielded comparable or more realistic results.

Fixed weights for all radar measurements certainly do not reflect physical condi-
tions correctly. E.g. Park et al. (2009) define a criterion for which frozen particles are
only allowed in heights where the wet-bulb temperature is below 0 ◦C. Also, Ortega
et al. (2016) split the radar beam into six temperature-based height layers and apply
different weighting vectors for each.

In the following, the weights are adjusted for each point by checking how unique
the membership function is for each variable, instead of setting fixed weights for
polarimetric variables. I.e. the confidence vector Qj in equation 4.1, which was
always set to 1, is replaced by an overlap penalty vector Oj, so that

Gi =
∑j Wi,jPi(Vj)Oj

∑j Wi,jOj
, (4.4)

where
Oj =

1
max

[
1, ∑i Pi

(
Vj
)] . (4.5)

Oj adjusts the weighting of each polarimetric value Vj at each point of measurement
by the amount of overlapping membership functions between hydrometeor classes.
I.e. the penalty increases if the probability is high for multiple hydrometeor classes
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(e.g. see Figure 4.15c, assume measured ρhv = 1.0). No penalty is applied, i.e. Oj

is 1, if the jth variable only contributes to a single hydrometeor class. Else, a polari-
metric variable is taken into account less the more hydrometeor classes have a high
membership function output, and therefore, the less this polarimetric variable can
contribute to distinguish between classes. Although there might still be reasons to
use fixed weights additionally, the weighting vector Wi,j is obsolete for the following,
and is therefore set to 1.

The result of the adjusted aggregation with overlap penalty is depicted in Figure
4.18. Here much more dry, small hail is classified instead of wet, small hail. Also,
this is mostly in the cores of the cells. Nevertheless, the 0 ◦C isotherm is at 4480 km
above ground level at this time and the radar beam does not reach this altitude at
this elevation (0.8◦). Therefore, hail is expected to be melting and not to be dry. The
area between 265◦ to 280◦ azimuth angle appears noisy again, but to a lesser extent
than before. Also, a hot spot with giant, wet hail is detected at−40 km zonal distance
and 40 km meridional distance. Behind this hot spot attenuation effects and signal
extinction were visible in Figure 4.16b.

To evaluate the different classification outputs, hail reports of the European Se-
vere Weather Database (ESWD) are used. However, as these reports are only point
observations it remains difficult to evaluate whole areas. In the simulations it be-
came apparent that specific attenuation scales linearly with hail diameter for hail
larger than 15 mm diameter. However, in simulations the particle concentration can
be controlled, in observations of nature the particle concentration is difficult to esti-
mate.

To mitigate the impact of particle number concentration, the attenuation coeffi-
cient α, defined as the ratio between Ah and KDP (see Bringi et al. (1990), Table 1 or
Ryzhkov et al. (2013b), equation 1), is used instead of specific attenuation Ah. Both
Ah and KDP depend on particle concentration (Zrnić and Ryzhkov, 1999; Rinehart,
2004) and therefore, attenuation coefficient α can serve as concentration-independent
proxy for hail diameter. According to Ryzhkov et al. (2013b) the upper limit of ex-
pected α range increases with hail size, i.e. giant hail can still have low values of e.g.
0.3 dB/◦, but small hail cannot reach e.g. 0.7 dB/◦ (see their Figure 9c).

Reported maximum hail diameters and swaths of α between 18:20 and 20:20 UTC
are shown in Figure 4.19. Almost all hail reports coincide with positive values of α,
except for three reports of giant hail between −50 km to −25 km zonal distance and
−40 km to −20 km meridional distance, which have been missed. In the vicinity of
the radar Essen, most reported diameters are above 5 cm, i.e. giant hail, and high
values of α appear, which correlates well with the ranges for α given by Ryzhkov
et al. (2013b). Therefore, it is reasonable to assume that areas with positive α values
are areas in which hail is likely to be found on the ground.

Radar data from co-located S- and C-band radars in Alabama are used to com-
pare the modified fuzzy logic with the original hydrometeor classification algorithm.
Once again the output of the fuzzy logic using the weighting as in Ortega et al. (2016)
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is depicted in Figure 4.20, which is much more realistic than the unmodified HCA
applied at C band (see Figure 4.5b), but still shows differences compared to the S-
band HCA output (see Figure 4.5a). E.g. a large area beyond 100 km zonal distance
shows noisy giant, wet hail at edges of stronger precipitation, while the S-band out-
put shows mostly rain and only very few graupel and crystal identified pixels. Also,
the largest area with hail at S band (−125 km zonal distance and −80 km meridional
distance) does not show up at C band. Many more areas of large, dry hail appear
closer to the radar in the modified C-band output.

Better results can be achieved with modified C-band fuzzy logic using Ah and
KDP and the overlap penalty applied (Figure 4.21). A larger area is identified as rain
and big drops. Also, the largest area with hail at S band (−125 km zonal distance
and −80 km meridional distance) does show up with giant, wet hail surrounded by
smaller, dry hail at C band. This seems plausible as ground reports in the vicinity
indicate hail around 5 cm in diameter4. However, there is a lot of noise throughout
the whole radar range with single pixels indicating arbitrary categories, especially
at edges of strong precipitation. Between areas of big drops and rain, smaller areas
of small, wet hail are visible. Although no hail is reported in most of these areas,
a plausible assumption is that hail was aloft, but melted completely while falling.
However, this assumption might not be valid in all cases, as e.g. not all of these
areas show hail at S band.

4Source: https://www.ncdc.noaa.gov/stormevents/listevents.jsp?eventType=%28C%29+

Hail&beginDate_mm=01&beginDate_dd=22&beginDate_yyyy=2017&endDate_mm=01&endDate_dd=

22&endDate_yyyy=2017&county=ALL&hailfilter=0.00&tornfilter=0&windfilter=000&sort=DT&

submitbutton=Search&statefips=1%2CALABAMA, last accessed on 17.12.2019 08:23 UTC

https://www.ncdc.noaa.gov/stormevents/listevents.jsp?eventType=%28C%29+Hail&beginDate_mm=01&beginDate_dd=22&beginDate_yyyy=2017&endDate_mm=01&endDate_dd=22&endDate_yyyy=2017&county=ALL&hailfilter=0.00&tornfilter=0&windfilter=000&sort=DT&submitbutton=Search&statefips=1%2CALABAMA
https://www.ncdc.noaa.gov/stormevents/listevents.jsp?eventType=%28C%29+Hail&beginDate_mm=01&beginDate_dd=22&beginDate_yyyy=2017&endDate_mm=01&endDate_dd=22&endDate_yyyy=2017&county=ALL&hailfilter=0.00&tornfilter=0&windfilter=000&sort=DT&submitbutton=Search&statefips=1%2CALABAMA
https://www.ncdc.noaa.gov/stormevents/listevents.jsp?eventType=%28C%29+Hail&beginDate_mm=01&beginDate_dd=22&beginDate_yyyy=2017&endDate_mm=01&endDate_dd=22&endDate_yyyy=2017&county=ALL&hailfilter=0.00&tornfilter=0&windfilter=000&sort=DT&submitbutton=Search&statefips=1%2CALABAMA
https://www.ncdc.noaa.gov/stormevents/listevents.jsp?eventType=%28C%29+Hail&beginDate_mm=01&beginDate_dd=22&beginDate_yyyy=2017&endDate_mm=01&endDate_dd=22&endDate_yyyy=2017&county=ALL&hailfilter=0.00&tornfilter=0&windfilter=000&sort=DT&submitbutton=Search&statefips=1%2CALABAMA
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(A) horizontal reflectivity factor (dBZ)
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(C) specific attenuation (dB km−1)
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(D) co-polar correlation coefficient (1)
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(E) specific differential phase (◦ km−1)
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FIGURE 4.9: Same as Figure 4.7, but for large, wet hail and axis-ratios instead of canting
angle standard deviations.
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(A) horizontal reflectivity factor (dBZ)
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(B) differential reflectivity (dB)20 0 20 40 60 80
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(C) specific attenuation (dB km−1)
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(D) co-polar correlation coefficient (1)
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(E) specific differential phase (◦ km−1)
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(F) depolarization ratio (dB)

FIGURE 4.10: Same as Figure 4.9, but for large, dry hail.



52 Chapter 4. A Hail Size Discrimination Algorithm at C Band

20 0 20 40 60 80 100 120
Reflectivity Factor (dBZ)

0

500

1000

1500

2000

2500

3000

3500

4000

Oc
cu

ra
nc

y 
of

 v
al

ue
s

axis-ratio: 0.5
axis-ratio: 0.6
axis-ratio: 0.7
axis-ratio: 0.8
axis-ratio: 0.85
axis-ratio: 0.9
axis-ratio: 0.95
axis-ratio: 0.999

20 10 0 10 20
Differential Reflectivity (dB)

0

500

1000

1500

2000

2500

3000

3500

4000

Oc
cu

ra
nc

y 
of

 v
al

ue
s

axis-ratio: 0.5
axis-ratio: 0.6
axis-ratio: 0.7
axis-ratio: 0.8
axis-ratio: 0.85
axis-ratio: 0.9
axis-ratio: 0.95
axis-ratio: 0.999

100 0 100 200 300 400 500
Specific Attenuation (dB/km)

0

500

1000

1500

2000

2500

3000

3500

4000

Oc
cu

ra
nc

y 
of

 v
al

ue
s

axis-ratio: 0.5
axis-ratio: 0.6
axis-ratio: 0.7
axis-ratio: 0.8
axis-ratio: 0.85
axis-ratio: 0.9
axis-ratio: 0.95
axis-ratio: 0.999

0.5 0.6 0.7 0.8 0.9 1.0
Correlation Coeff. (1)

0

500

1000

1500

2000

2500

3000

3500

4000

Oc
cu

ra
nc

y 
of

 v
al

ue
s

axis-ratio: 0.5
axis-ratio: 0.6
axis-ratio: 0.7
axis-ratio: 0.8
axis-ratio: 0.85
axis-ratio: 0.9
axis-ratio: 0.95
axis-ratio: 0.999

2000 0 2000 4000 6000 8000
Specific Differential Phase (deg/km)

0

500

1000

1500

2000

2500

3000

3500

4000

Oc
cu

ra
nc

y 
of

 v
al

ue
s

axis-ratio: 0.5
axis-ratio: 0.6
axis-ratio: 0.7
axis-ratio: 0.8
axis-ratio: 0.85
axis-ratio: 0.9
axis-ratio: 0.95
axis-ratio: 0.999

80 60 40 20 0
Aprox. Circ. Depol. Ratio (dB)

0

500

1000

1500

2000

2500

3000

3500

4000

Oc
cu

ra
nc

y 
of

 v
al

ue
s

axis-ratio: 0.5
axis-ratio: 0.6
axis-ratio: 0.7
axis-ratio: 0.8
axis-ratio: 0.85
axis-ratio: 0.9
axis-ratio: 0.95
axis-ratio: 0.999

30 20 10 0 10 20 30 40
lKdp (10*log(deg/km))

0

500

1000

1500

2000

2500

3000

3500

4000

Oc
cu

ra
nc

y 
of

 v
al

ue
s

axis-ratio: 0.5
axis-ratio: 0.6
axis-ratio: 0.7
axis-ratio: 0.8
axis-ratio: 0.85
axis-ratio: 0.9
axis-ratio: 0.95
axis-ratio: 0.999

3000 2000 1000 0 1000
Attenuation Coeff.  (dB/deg)

0

500

1000

1500

2000

2500

3000

3500

4000

Oc
cu

ra
nc

y 
of

 v
al

ue
s

axis-ratio: 0.5
axis-ratio: 0.6
axis-ratio: 0.7
axis-ratio: 0.8
axis-ratio: 0.85
axis-ratio: 0.9
axis-ratio: 0.95
axis-ratio: 0.999

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

0.0

0.5

1.0
M

em
be

rs
hi

p 
Fu

nc
tio

n 
(1

)

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

(A) horizontal reflectivity factor (dBZ)
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(B) differential reflectivity (dB)20 0 20 40 60 80 100 120
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(C) specific attenuation (dB km−1)
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(D) co-polar correlation coefficient (1)
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(E) specific differential phase (◦ km−1)
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(F) depolarization ratio (dB)

FIGURE 4.11: Same as Figure 4.9, but for giant, wet hail.
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(A) horizontal reflectivity factor (dBZ)
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(B) differential reflectivity (dB)20 0 20 40 60 80
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(C) specific attenuation (dB km−1)
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(D) co-polar correlation coefficient (1)
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(E) specific differential phase (◦ km−1)
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FIGURE 4.12: Same as Figure 4.9, but for giant, dry hail.
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(A) horizontal reflectivity factor (dBZ)
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(B) differential reflectivity (dB)30 20 10 0 10 20 30
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(C) specific attenuation (dB km−1)
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(D) co-polar correlation coefficient (1)
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(E) specific differential phase (◦ km−1)
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(F) depolarization ratio (dB)

FIGURE 4.13: Same as Figure 4.7, but for rain.
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(A) horizontal reflectivity factor (dBZ)
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(B) differential reflectivity (dB)20 0 20 40 60
Reflectivity Factor (dBZ)

0

20

40

60

80

100

Oc
cu

ra
nc

y 
of

 v
al

ue
s

Cant. Std. (deg): 7.0
Cant. Std. (deg): 10.0
Cant. Std. (deg): 20.0
Cant. Std. (deg): 45.0

10 0 10 20
Differential Reflectivity (dB)

0

20

40

60

80

100

Oc
cu

ra
nc

y 
of

 v
al

ue
s

Cant. Std. (deg): 7.0
Cant. Std. (deg): 10.0
Cant. Std. (deg): 20.0
Cant. Std. (deg): 45.0

0.0 0.1 0.2 0.3 0.4
Specific Attenuation (dB/km)

0

20

40

60

80

100

Oc
cu

ra
nc

y 
of

 v
al

ue
s

Cant. Std. (deg): 7.0
Cant. Std. (deg): 10.0
Cant. Std. (deg): 20.0
Cant. Std. (deg): 45.0

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Correlation Coeff. (1)

0

20

40

60

80

100

Oc
cu

ra
nc

y 
of

 v
al

ue
s

Cant. Std. (deg): 7.0
Cant. Std. (deg): 10.0
Cant. Std. (deg): 20.0
Cant. Std. (deg): 45.0

1.5 1.0 0.5 0.0 0.5 1.0 1.5
Specific Differential Phase (deg/km)

0

20

40

60

80

100

Oc
cu

ra
nc

y 
of

 v
al

ue
s

Cant. Std. (deg): 7.0
Cant. Std. (deg): 10.0
Cant. Std. (deg): 20.0
Cant. Std. (deg): 45.0

14 12 10 8 6 4 2 0
Aprox. Circ. Depol. Ratio (dB)

0

20

40

60

80

100

Oc
cu

ra
nc

y 
of

 v
al

ue
s

Cant. Std. (deg): 7.0
Cant. Std. (deg): 10.0
Cant. Std. (deg): 20.0
Cant. Std. (deg): 45.0

30 25 20 15 10 5 0
lKdp (10*log(deg/km))

0

20

40

60

80

100

Oc
cu

ra
nc

y 
of

 v
al

ue
s

Cant. Std. (deg): 7.0
Cant. Std. (deg): 10.0
Cant. Std. (deg): 20.0
Cant. Std. (deg): 45.0

5 0 5 10 15
Attenuation Coeff.  (dB/deg)

0

20

40

60

80

100

Oc
cu

ra
nc

y 
of

 v
al

ue
s

Cant. Std. (deg): 7.0
Cant. Std. (deg): 10.0
Cant. Std. (deg): 20.0
Cant. Std. (deg): 45.0

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

0.0

0.5

1.0

M
em

be
rs

hi
p 

Fu
nc

tio
n 

(1
)

(C) specific attenuation (dB km−1)
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(D) co-polar correlation coefficient (1)
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(E) specific differential phase (◦ km−1)
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(F) depolarization ratio (dB)

FIGURE 4.14: Same as Figure 4.7, but for big drops.
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FIGURE 4.15: Membership functions for polarimetric variables for small, large and giant hail
(dry and wet) and liquid precipitation (rain and big drops) as obtained from the simulations
by using 5, 25, 75 and 95 percentiles as parameters for the trapezoid. Please note the different
plotting ranges for Ah and KDP between hail and liquid precipitation categories.
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(A) Zh (dBZ) (B) ZDR (dB)

(C) KDP
(◦ km−1) (D) ρhv (1)

(E) Ah
(
dB km−1)

FIGURE 4.16: PPIs of polarimetric variables horizontal reflectivity factor Zh, differential re-
flectivity ZDR, specific differential phase KDP, co-polar correlation coefficient ρhv and specific
attenuation Ah for a severe thunderstorm monitored by radar Essen on 23.06.2016 20:00 UTC.



58 Chapter 4. A Hail Size Discrimination Algorithm at C Band

FIGURE 4.17: PPI of the adjusted fuzzy logic output using Zh, ZDR and ρhv as in Figure 4.16
with the same weighting as in Ortega et al. (2016).

FIGURE 4.18: Like Figure 4.17, but with Zh, ZDR, ρhv, Ah and KDP, weighting set to 1 and
overlap penalty as is equation 4.4.
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FIGURE 4.19: PPI of maximum attenuation coefficient α (colored area) and ESWD reports of
maximum hail diameter on the ground (labels, yellow rings and arrows) occurring between
18:20 and 20:20 UTC on 23.06.2016 in vicinity of radar Essen. The yellow rings indicate the
location uncertainty of the hail reports. Towards each ring, an arrow points with the max-
imum diameter written in the label attached. Next to the colorbar, the value range of α for
three size categories according to Ryzhkov et al. (2013b) is given.

FIGURE 4.20: Like Figure 4.17, but for Alabama radar EEC on 22.01.2017 16:42 UTC.
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FIGURE 4.21: Like Figure 4.18, but for Alabama radar EEC on 22.01.017 16:42 UTC.
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4.4 Unsupervised Clustering

Several attempts have been performed to modify the HSDA by Ortega et al. (2016)
for application at C band, including the exchange of the membership functions, the
use of other polarimetric variables and also weighting functions. Nevertheless, the
results remain very sensitive to tiny changes in different polarimetric variables, e.g.
ZDR or ρhv. However, the hail size classes have not been modified, yet. Therefore,
methods to find optimal classes, which allow robust hail size discrimination at C
band, are elaborated in the following.

First the number of hail size classes were increased to have a finer size resolution
for each, so that noise-induced class mismatch does not cause a difference of e.g.
2.5 cm (e.g. large to giant), but only e.g. 0.5 cm. Much finer classes were thought to
make the error much smaller. These classes were calculated simulating polarimetric
variables for each mm between 0.5 mm to 100 mm, as in section 4.3.2. The results
were condensed into hydrometeor classes with 10 mm bin range. Although much
more classes are available, overlapping of membership function increased and the
application of the finer hydrometeor classes primarily yielded classes with the least
overlap, which were not necessarily correct.

Instead of assigning a predefined hydrometeor class to each radar bin, the classes
should be determined by similarity of polarimetric signatures. Grazioli et al. (2015)
and Besic et al. (2016) suggest clustering of radar observations by data similarity and
then in a second step compare the distributions of polarimetric moments for each
cluster with scattering simulations. Therefore, the hydrometeor classes do not need
to be defined beforehand, as “they are learned by the data” (Grazioli et al., 2015).
This approach is assumed to reduce the sensitivity to tiny changes in polarimetric
variables.

The difference between strictly setting classes and using similarity of signatures
is illustrated in the two schematics in Figure 4.22. Some fictional measurement
points are very close to each other, but are classified in different categories, if these
are strictly applied (Figure 4.22a). Therefore, noise can cause the categories to change
very quickly. The categories are more robust when they are selected by similarity of
signals (Figure 4.22b).

To obtain unsupervised hydrometeor classes the hierarchical cluster merging ap-
proach is applied (Grazioli et al., 2015). Hereby, each data point starts with its own
cluster and is merged with the most similar one, following a specific merging rule,
until an “optimal” number of clusters nc is reached. This number is selected using
the “SD validity index” (Halkidi et al., 2002). This index attempts to maintain the
least scattering between data points within a cluster, while having the highest dis-
tance between distinct clusters. The SD index is a weighted sum of the latter two
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(B) Categories based on similarity

FIGURE 4.22: Schematics of two categorization approaches, where a) categories are strictly
set and, where b) categories are selected by similarity of polarimetric variables. Different
colors represent different categories. Each represents a fictional measurement of two polari-
metric moments.

properties with

SD (nc) = a · Scatt (nc) + Dist ((nc)) , (4.6)

Scatt (nc) =
1
nc

nc

∑
L=1

‖σ (CL)‖2
‖σData‖2

, (4.7)

Dist (nc) =
Dmax

Dmin

nc

∑
L=1

(
nc

∑
M=1 6=L

‖xCM − xCL‖2

)−1

, (4.8)

a = Dist (nData) , (4.9)

(Halkidi et al., 2002; Grazioli et al., 2015) where nData is the number of data points,
i.e. the maximal number of clusters, Dmax (Dmin) the maximum (minimum) distance
between two clusters possible, σ (CL) the variance of the data in the Lth cluster CL,
σ (CData) the variance of all data, xCL the weighted centroid of cluster CL (see equa-
tion 4.11 below for calculation), and ‖•‖p the p-norm with p = 2, also known as
euclidean norm, (Königsberger, 2013)

‖x‖p =

(
∑
i=1
|xi|p

)1/p

. (4.10)

Besides the p-norm, other metrices are also possible (see e.g. Grazioli et al., 2015).
Grazioli et al. (2015) introduce two merging rules, a weighted centroid distance

WC and a weighted pairwise average distance WPA. The latter merging rule defines
the distance between two clusters based on all points in both clusters. The former
compares the weighted mass centers of the two clusters, where this center is the
average position of all subclusters CK ⊂ CL weighted by the number of data points
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in each CK, so that

xCL =
1

nL
∑

CK⊂CL

nK

(
1

nK
∑

x∈CK

x

)
=

1
nL

∑
x∈CK⊂CL

x , (4.11)

(Grazioli et al., 2015) where x is an N-dimensional vector and N the number of (po-
larimetric) variables involved. For the following WPA is used as merging rule, the
euclidean norm (p = 2) as metric and 8 variables from the scattering simulations
(Zh, ZDR, Ah, KDP, ρhv, the particle’s outer temperature and its diameter) are used to
obtain 8 unsupervised hydrometeor classes. Although the particle diameter is not
available for radar measurements, it is used here to assist clustering. For each pair
of unsupervised hydrometeor class and simulation variable a separate membership
function exists. The membership functions are independent of each other. Therefore,
the classification with radar measurements can be done without knowledge of the
particle diameter.

The unsupervised clustering technique yielded 8 new hydrometeor categories,
of which some contain scattering simulations of particles, which would have been
different hydrometeor classes before. E.g. simulations of small, wet hail and big
drops often populate the same categories. Although the classification is not that
straightforward anymore, the result depicted in Figure 4.23 does not look random at
all. On the contrary, cells and areas of stronger precipitation are set off from weaker
precipitation (categories C and F, respectively). Attenuated areas are highlighted
by category E, while hail suspected areas contain categories D and A. Nevertheless,
the usability is certainly questionable as hail discrimination capabilities and warn-
ing categories have to be learned to interpret from fuzzy logic output. Therefore, it
might be more efficient to decide directly upon the different polarimetric moments
whether hail is present or not.
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FIGURE 4.23: Like Figure 4.18, but using the membership functions of the unsupervised
clustering approach. The different categories encompass particle types and are clustered by
similarity of polarimetric signals.

4.5 Discussion and Recommendations

Methods to adjust a fuzzy logic based hail size discrimination algorithm (HSDA)
have been investigated and applied. T-matrix scattering simulations have been used
to obtain polarimetric variable distributions for hail of various sizes. The simulation
of dual-layered particles showed plausible and consistent results compared with
other published simulations and a single-layered simulation of dry hail. An ad-
justed hail size discrimination algorithm was obtained with membership functions
calculated from scattering simulations. However, all further attempts to improve the
adjusted algorithm, besides conceptualizing a dynamic weighting technique based
on overlapping membership functions, did not fulfill the expectations for a usable
tool to detect hail and discriminate its size. In the following a discussion of the
approaches undertaken to obtain a HSDA at C band and a non-exhaustive list of
suggestions for further improvements are given.

Particle scattering simulations and membership functions were only done at C
band. However, repeating the simulations at S band for a comparison and consis-
tency check with Ortega et al. (2016) would be interesting. Moreover, the simulation
results were taken as they are and used to build the membership functions. How-
ever, some preprocessing and masking seems to be appropriate, e.g. removing neg-
ative α values.

One attempt made to improve the simulation results is to use the results in log-
arithmic scale, e.g. for KDP and relations like 10 log10 (1− ρhv), as most differences
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did not show up in linear scale. However, these attempts did not improve the later
hail size discrimination.

Park et al. (2009) and Ortega et al. (2016) partially used two-dimensional mem-
bership functions with a dependency on Zh. In the framework of this thesis, such
an approach has not been pursued, as membership functions were directly derived
from scattering simulations. The simulation results were investigated for depen-
dencies between two polarimetric variables, e.g. Zh, KDP, and hail diameter, but
none were found. Furthermore, since uncertainties may remain after correction of
anomalously high attenuation at C band, two-dimensional membership functions
including Zh have been avoided.

Simulated rain drops had standard deviations of their canting angle distribution
up to 40◦, which might not be realistic for rain at all. E.g. Ryzhkov et al. (2010)
assume 10◦. This large effect of turbulence on the rain drops might be possible, but
rare. On the other hand, big drops with lower standard deviations (e.g. 7◦) of their
canting angle distribution exceeded 25 dB in ZDR, which is also unexpected.

The scattering simulations were conducted with single particles only, which has
a non-negligible effect on number concentration dependent polarimetric variables.
E.g. KDP for rain-drops was too low to be observed in measurements. With proper
drop size distributions more realistic values could have been obtained. E.g. Ryzhkov
et al. (2010) use the Hebrew University of Jerusalem cloud model to obtain drop size
distributions for rain, ice crystals and hail, with maximum diameters of up to 6.8 cm
for hail.

A strong effect of the water coat thickness on KDP was shown (see Figure 4.6).
Thinner water coats seemed to cause less fluctuation. Therefore, further investiga-
tion on scattering results with different water coats could improve results.

Although it is assumed that hail is more solid with increasing size (Prodi, 1970;
Ryzhkov et al., 2013a), density variations might enhance simulation results. No den-
sity variations were included in the final particle simulations. Thus, more realistic
polarimetric signatures might be retrievable if the simulation included these fea-
tures.

Besides hail, no smaller frozen particles, e.g. ice and snow, have been properly
considered in the simulations. Thus, if applied to height levels above the melting
layer, the modified HSDA probably shows unreliable results. Within this thesis,
analyses have been mostly restricted to summer cases and measurements below the
melting layer.

Dielectric constants for the scattering simulation have been calculated following
Cole and Cole (1941) and Zhang (2016). However, these formulas are not recom-
mended for ice as the so called Kramers-Kronig-relations (see e.g. Lucarini et al.,
2005) are not fulfilled (Blahak, 2016). Therefore, dielectric constants for future scat-
tering simulations of ice should be done using a model, which fulfills the Kramers-
Kronig-relations, such as Warren (1984).
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Circular depolarization ratio CDR and its proxy depolarization ratio DR (Ryzhkov
et al., 2017) are discussed to be effective at hail detection. First of all, LDR was not
available, therefore no DR could be calculated. Second, during all cases KDP was
enhanced and made CDR or DR less usable (Matrosov, 2004; Ryzhkov et al., 2014).
Lastly, the simulation results presented here do not indicate an increased capability
of DR in discriminating hail, except for estimating the axis-ratio.

Weighting the polarimetric variables by the amount of overlapping membership
functions definitely improved the results of the adjusted fuzzy logic. Pronounced
areas with hail seem to be plausible in comparison with ground reports, attenuation
and S-band data classification. Nevertheless, the output is still noisy and might
benefit from smoothing. As the output closer to the radar appears to be more noisy,
smoothing alone might not be enough to make the fuzzy logic output more robust
and reliable.

The attenuation coefficient α was endorsed to be a proxy for hail size. This seems
to be plausible in comparison with hail reports and scattering simulations. There-
fore, the output of the adjusted HSDA was filtered by α ≥ 0.1 dB/◦ to reduce falsely
classified hail due to noise. Even though an improved hail detection and distinction
from areas with only big drops and rain was achieved, the results inside areas with
enhanced α tended to overestimate and forfeit small hail at all.

The three hail size categories (small, large and giant) might be useful for warn-
ings, but they appear to have too similar polarimetic variables to allow a precise
distinction between hail diameters of 2.0 cm to 3.0 cm. Changing the classes by in-
creasing the number of classes and having more narrow diameter ranges did not
resolve the problem of misclassification. The approach to have finer classes or at
least different classes might still be useful and should be investigated further. How-
ever, after using finer size classes, hail with diameters below 2.5 cm was not detected
anymore, for reasons yet unknown.

To avoid overlapping and too close membership functions completely, hydrom-
eteor classes were rearranged using unsupervised clustering to obtain a more robust
classification. The approach enabled insights on how similar hydrometeors can ap-
pear in polarimetric radar data, but did not improve hydrometeor classification in
this study. Still, future investigation might be worthwhile as e.g. Besic et al. (2016)
show good results with their semi-supervised approach.

Modern machine learning interfaces and frameworks like Tensorflow and Keras
allow for so called DeepLearning, which allows an algorithm to learn from input data
until desired output is obtained (Abadi et al., 2015; Chollet et al., 2015). Instead of
using simulated polarimetric signals, observational radar data could also be used in
unsupervised learning approaches. Although this was not applied to the unsuper-
vised clustering, a machine learning technique, so called variational auto-encoders
(Davidson et al., 2018), was employed to compress the input of all measured polari-
metric variables into relevant information. Hereby, the input data is compressed into
a simpler representation, from which the neural network can reconstruct the original
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data. This essentially filters out dependent and redundant information. However,
the attempts made did not turn up significant improvements worth noting. Never-
theless, other machine learning approaches or preprocessing input data before using
variational auto-encoders might succeed.

The 1D hail growth and melting model HAILCAST (Adams-Selin and Ziegler,
2016) was applied to numerical weather model analysis data with the aim to evaluate
the adapted HSDA output at every point within radar range. However, the resulting
maximum hail diameters underestimated the ground reports of the ESWD in all
cases. Most likely the storms were not properly represented in the used numerical
weather analysis. E.g., a misplacement of the storm or a too weak convection are
possible problems (Brewster, 2003; Keil and Craig, 2007). Also, the updraft might
have been stronger and more concise than the representation in the model due to
too coarse model resolution.
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Chapter 5

Dynamics, Precursors and
Nowcasting

Hail growth is a dynamic process, difficult to observe and despite several key depen-
dencies for optimal hail growth have been identified (Dennis and Kumjian, 2017), it
is still an ongoing research topic (e.g. Adams-Selin and Heymsfield, 2019; Kumjian
et al., 2019; Labriola et al., 2019; Kumjian and Lombardo, 2020). Large hail can cause
severe damage and current nowcasting schemes do not predict hail growth, but ad-
vect hail-bearing storms based on their previous tracks (Hering et al., 2004).

Candidates for precursors of hail are investigated to improve lead times of now-
casting hail and detect hail growth as early as possible. Several studies proposed
the intensification of vertical columns of enhanced differential reflectivity, so-called
ZDR-columns, as hail precursors (Kumjian et al., 2014; Snyder et al., 2015). E.g. sim-
ulations by Kumjian et al. (2014) resulted in peak ZDR-column heights occurring be-
tween 12.5 and 15 minutes before peaks of maximal hail mass at the surface. How-
ever, most studies primarily use spectral bin microphysical models to investigate
ZDR-columns as precursors for hail.

In this chapter, hail growth and occurrence are analyzed based on observed po-
larimetric radar and surface observations by comparing time series of ZDR-columns,
their intensity and extent with observed hail occurrence and size detected at the
ground. Data of a polarimetric C-band radar network and hail reports from the Eu-
ropean Severe Weather Database (ESWD) are analyzed with the help of a custom
made cell tracker, an attenuation correction algorithm (see chapter 3), and a ZDR-
column detector.

5.1 Techniques Applied for the Investigation of Hailstorms

A storm relative observation throughout time is designated to investigate and ana-
lyze the dynamics of convective cells and precursors of hail. Tools and techniques
employed to process the radar data are introduced in this section.
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5.1.1 ZDR-column detection

Vertical columns of enhanced differential reflectivity ZDR, so-called ZDR-columns,
repeatedly identified in polarimetric radar data (Wakimoto and Bringi, 1988; Picca
et al., 2010; Kumjian et al., 2012; Snyder et al., 2015; Ryzhkov et al., 2017; Trömel et al.,
2017; Witt et al., 2018, . . .), signal large, and thus oblate drops lifted by sufficiently
strong updrafts beyond the 0 ◦C isotherm. Thus, ZDR-columns indicate strong up-
drafts within convective cells, which are necessary for hail generation and growth.
Comprehensive information on the physics and detection of ZDR-columns can be
found in Kumjian et al. (2014).

So-called Range Height Indicator (RHI) scans with sweeping elevation at con-
stant azimuth allow observation of ZDR-columns at high resolution (see e.g. Trömel
et al., 2017, Figure 2). Since no RHI scans are available for the DWD’s network, the
analysis is based on synthetic RHIs, reconstructed from the PPIs constituting a vol-
ume scan. This results in a reduced vertical resolution compared to genuine RHIs
and temporal lags between the elevations of up to 4 min. The reduced vertical res-
olution (see available elevations in Table 2.1) is counteracted by linear interpolation
in the vertical in order to allow for ZDR-column detection also at far ranges and to
better quantify the height of the ZDR-columns. The linear interpolation virtually
increases the available elevations from 10 to 30.

The detection of ZDR-columns follows Snyder et al. (2015), who identify columns
by counting up grid points along the vertical as long as ZDR ≥ 1 dB, starting at the
0 ◦C isotherm. The following modifications are applied. Due to the time lag between
elevations, ZDR-columns can be skewed, thus the modified algorithm accounts for
advection effects between two elevations. The ZDR-threshold of 1 dB mostly used at
S band (Kumjian et al., 2014) is increased to 2 dB, which according to scattering sim-
ulations is more suitable at C band, to clearly distinguish between liquid and frozen
particles. The height of the 0 ◦C isotherm is derived from spatially interpolated ra-
dio sounding data (kindly provided by the University of Wyoming Department of
Atmospheric Science1), which are in-situ measurements, and not from model predic-
tions.

5.1.2 Attenuation as primary hail fall indicator

In hail bearing storms strong attenuation can often be observed at C band. Figure 5.1
shows PPIs of the horizontal reflectivity factor for four time steps separated by 15
minutes. A prominent storm cell with reflectivity values reaching 60 dBZ generates
a “shadow” of strong attenuation at an azimuth moving from about 280◦ to 310◦

when the cell moves past the radar.
According to T-matrix scattering simulations of specific attenuation, attenuation

at C band of ≈ 50 dB is highly unlikely to be caused by rain only (see Figure 5.2).
Concentration also affects the strength of attenuation. However, considering the

1http://weather.uwyo.edu/upperair/sounding.html

http://weather.uwyo.edu/upperair/sounding.html
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FIGURE 5.1: Plan Position Indicators (PPIs) of the horizontal reflectivity factor ZH measured
by the precipitation scan of C-band radar in Essen on 23.06.2016 at 19:25, 19:40, 19:55 and
20:10 UTC, showing a storm cell with strong attenuation at 280◦, 290◦, 300◦ and 310◦ azimuth
angle respectively at about 50 km range.

magnitude of the specific attenuation and the confined width of the hail core, it is
much more likely, that in the case shown in Figure 5.1 the attenuation was domi-
nated by a few, larger particles with diameters e.g. ≥ 25 mm. Such diameters are
usually reached only by hail particles. Observed hail with diameters beyond 5 cm
and up to 9 cm between 18:10 UTC and 21:15 UTC support this finding (see data
stored online in the European Severe Weather Database (ESWD)).

Strong attenuation at C band is likely related to hail in the radar beam, espe-
cially since hail shafts, e.g. in so-called hot spots, are spatially confined (Vulpiani
et al., 2008; Tabary et al., 2009; Ryzhkov et al., 2013b). Specific attenuation (attenua-
tion per length unit) Ah is not directly observed by radars, and sufficiently accurate
estimates can be problematic in hail. To ameliorate this problem the analysis (and
detection methodology) is confined to the temporal behavior of the attenuation co-
efficient α (dB/deg). While strong precipitation of rain can also cause significant
attenuation at C band (Borowska et al., 2011), enhanced values of α are only possible
in the presence of large and giant hail (Ryzhkov et al., 2013b). Therefore, a sudden
increase in α indicates hail fall. An estimate of α is derived from the attenuation
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FIGURE 5.2: T-matrix scattering simulation of specific attenuation for liquid particles
(“rain”), water coated ice particles (“wet hail”) and ice particles (“dry hail”). For each 0.1 mm
diameter step, a single particle is simulated, i.e. the particle concentration is 1 mm−1 m−3,
to keep the results normalized. The dieletric constants for water and ice are calculated for
0 ◦C following Cole and Cole (1941) and Zhang (2016) and the axis-ratio of the simulated,
oblate ellipsoid is 0.75 for all diameters (to be in line with Depue et al., 2007). The standard
deviation of the canting angle distribution is 10◦ for rain and 40◦ for hail. The FORTRAN
code for the simulations is the same as used in Ryzhkov et al. (2010).

correction in hail following the methodology introduced in chapter 3.

5.1.3 Tracking of convective cells

In order to observe the evolution of ZDR-columns in time, the encompassing storm
cells need to be tracked first. Cells are tracked by first detecting cells in each time step
and then finding matching cells in consecutive time steps. The cell detection uses
40 dBZ contour lines of a regridded 2D reflectivity factor field of the precipitation
scan. The grid is Cartesian and has a resolution of 250 m, which is equal to the radial
resolution of the precipitation scan. It is centered on the geometric location of the
radar site.

For each possible pair-wise combination of cells in two consecutive time steps a
similarity ς between cell-pairs is calculated. The index expresses the likelihood that
a cell A at the time step t is the successor of a cell B at time step t− 1. The calculation
of ς consists of three components:

1. Pearson’s correlation coefficient,

2. geometric distance and
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3. perimeter difference.

Pearson’s correlation coefficient is calculated between the coordinate vectors of the
contours of the cell pairs on a Cartesian plane. Prior to the computation, each con-
tour is approximated by a fixed amount of coordinate points to allow the calculation
of Pearson’s correlation coefficient. Here 35 points were used, as this was the average
number most contours had already. The geometric distance between two cells com-
posing a pair is calculated between the centers of each contour, which are obtained
using the arithmetic average. The distances for all possible pairs are scaled to values
between -1 and 1. -1 is the maximum, 0 the median and 1 the minimum distance.
The perimeter of a cell is calculated by summing the distances between consecutive
coordinate points of this cell’s contour. Perimeter differences between two cells are
scaled between 0 (maximum perimeter difference) and 1 (identical perimeters). The
similarity ς of a cell pair is the sum of the three components (Pearson’s correlation
coefficient, geometric distance and perimeter difference) weighted by 1, 4, and 2, re-
spectively, and is calculated for each possible pair of cells in consecutive time steps.

Pairs with the highest ς are matched and all pairs involving either of those cells
are removed from the pool of pairs. This procedure is repeated for the remaining
pairs until no more cell pairs with ς ≥ 0.3 are in the pool. This cut-off value has been
chosen based on a sensitivity analysis of the here proposed tracker. For other data
this value might require modification. Each pair of matched cells is interpreted as
one identical cell of two consecutive time steps. If no consecutive cell is identified,
the respective cell is assumed to have terminated. Remaining cells in the new time
step are newly initiated cells.

According to subjective validation (manual tracking by eye) of the methodol-
ogy, long living cells are tracked correctly, while short living (less than 20 min) and
smaller cells (less than 9 grid cells) are not always matched correctly. In the following
the analysis is based on long living cells.

For all tracked cells, polarimetric variables and derived quantities, like α and
ZDR-column properties, are assigned to the cells. This allows for a cell-relative anal-
ysis of e.g. ZDR-column evolution. Additionally, hail reports from the ESWD are
assigned to the tracked cells if they coincide in space and time. I.e. for any time
step t within the cell’s lifetime, the reported geographic location of the hail has to
be inside the cell’s contour at time step t and t has to be inside the reported time
window.

5.2 Investigating Convective Cells for Hail Precursors

Based on the data described in chapter 2 and the tools above, in total 16 events
with predominantly convective cells are investigated. The events were selected by
searching the ESWD for severe, hail-bearing storms within the coverage of the DWD
radar network. The analyzed time period was limited since radars with polarimetry
upgrade first became available throughout 2013. From 54 initially selected severe
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hail-bearing events, only 16 remained due to quality filtering of reports, hail occur-
rence in radar vicinity and available polarimetric radars.

5.2.1 Example events of severe, hail-bearing thunderstorms

Three of the selected 16 events are illustrated and discussed here briefly. On June
24, 2016 a convergence line initiated, among numerous, smaller convective cells, at
least one supercell2. Severe hail damage by hail reaching 9 cm in diameter close to
Reutlingen, Germany was reported3. The time series of ZDR-column height above
the melting layer and attenuation coefficient α for a hail-bearing cell, which moved
across the reported hail location, are displayed in Figure 5.3 and 5.4, respectively. Be-
tween 18:45 UTC and 19:20 UTC the attenuation was most intense. During this time
the hail shaft moved between radar and updraft location, impairing the ZDR-column
observation. Both time series occasionally show spikes. Their occurrences between
ZDR-column height and α seem to correlate with a time lag. E.g. at 18:40 UTC the
ZDR-column height suddenly increases 15 min to 45 min before hail is reported at
the ground. About 15 min after the ZDR-column spike an increase of α is observed as
well, which coincides with the hail report at the ground. In this and also the follow-
ing time series, the ZDR-column height mostly peaks before the column collapses,
and high α-values are observed which coincide with hail reports at the ground. This
behavior fits the concept of hail development (e.g. Kennedy et al., 2001; Kumjian
et al., 2014), which requires strong updrafts signaled by the increasing ZDR-columns.

A tornadic event was observed by the radar Flechtberg on May 13, 2015. On this
day a coldfront caused thunderstorms and in particular supercells to move towards
the Black Forest and the Swabian Mountains, causing severe damage by hail with
5 cm diameter and two tornados4. The time series for a tracked cell moving across
the location of issued hail reports are displayed in Figure 5.5 for ZDR-column height
and in Figure 5.6 for α. This cell exceeded 60 dBZ in reflectivity factor (not shown)
and was consecutively tracked as a single cell for 3 h and 15 min. Although hot spots
of other cells were very close and merging cannot be ruled out, supercells can live for
more than 4 hours (Bunkers et al., 2006). Similar to the first example event, the time
series of this cell shows fluctuations and spikes, which also coincide between the
surface hail reports and the polarimetric observations. ZDR-column height spikes
precede attenuation spikes and ground reported hail between 10 min and 20 min.

Thunderstorms and a supercell coming from Belgium and crossing through the
southern part of North Rhine-Westphalia caused severe damage on July 5, 2015. In
and around Bonn reports of hail with diameters exceeding 7 cm were issued5. Radar

2Supercell thunderstorms have very well organized up- and down drafts, are mainly characterized
by a single deep, rotating updraft and are associated with severe weather including giant hail (Brown-
ing, 1964; Cintineo and Stensrud, 2013; Kumjian and Ryzhkov, 2008).

3Source: https://www.youtube.com/watch?v=9khn4Srdhkw, last accessed on 09.12.2019 16:08UTC
4Source: https://www.skywarn.de/jahr-2015/13-mai, last accessed on 09.12.2019 17:53UTC
5Sources: https://www.youtube.com/watch?v=mEbYiOH46R0 and https://wetterkanal.

kachelmannwetter.com/grosshagel-am-05-juli-rueckblick-und-bilder/, last accessed
09.12.2019 18:35UTC

https://www.youtube.com/watch?v=9khn4Srdhkw
https://www.skywarn.de/jahr-2015/13-mai
https://www.youtube.com/watch?v=mEbYiOH46R0
https://wetterkanal.kachelmannwetter.com/grosshagel-am-05-juli-rueckblick-und-bilder/
https://wetterkanal.kachelmannwetter.com/grosshagel-am-05-juli-rueckblick-und-bilder/
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FIGURE 5.3: Height of ZDR-columns above the melting layer for one tracked cell along the
time observed by radar Türkheim on 24.06.2016. The temporal resolution is 5 min. The blue,
solid lines with crosses show the median ZDR-column height above the melting layer for a
cell at each time step. The range between the minimum and maximum value in the cell is
shown as colored area. Information from ground reports of the European Severe Weather
Database (ESWD) are shown by black error bars (scale on the right axis). The dot in the
center of the error bar represents the exact time on which the report mentions hail on the
ground. The vertical pipes of the error bar indicate the error margin given with the report.
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FIGURE 5.4: Like Figure 5.3, but for attenuation coefficient α. In gray the 80th percentile is
shown in addition to the median.

Essen observed multiple cells and the corresponding time series of ZDR-column
height above the melting layer and α are shown in Figure 5.7 and 5.8, respectively.
Although multiple, tracked cells with shorter individual life times are shown, spikes
are still visible. Attenuation intensified multiple times and hindered ZDR-column
detection in several time steps (14:00 - 14:20 (cell C, green), 14:55 - 15:05 (cell A, blue),
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FIGURE 5.5: Like Figure 5.3, but for radar Flechtberg and observation on 13.05.2015. Only
one cell is shown for better visibility.
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FIGURE 5.6: Like Figure 5.4, but for radar Flechtberg and observation on 13.05.2015. Only
one cell is shown for better visibility.

15:20 - 15:30 and 15:55 - 16:30 (cell D, red), 16:50 - 17:15 (cell B, orange) ). Most ground
reports largely overlap with each other in time; thus it is more difficult to attribute
them to individual spikes in all cases. E.g. the first report seems to relate to an α

spike at 13:50 and a ZDR-column height peak at 13:40. The ground reports of the
two largest hail sizes (8.2 cm and 11 cm) can be related to α spikes at 16:25 and 16:45
and to ZDR-column height peaks at 16:10 and 16:25, respectively. Thus, ZDR-column
height spikes precede hail reports also in this event by 10 min to 20 min.

The examples have shown that ZDR-column height spikes precede attenuation
spikes and ground reported hail. This might allow predicting hail before detection.
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FIGURE 5.7: Like Figure 5.3, but for radar Essen and observation on 05.07.2015. Multiple
convective cells are shown, each with a different color.
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FIGURE 5.8: Like Figure 5.4, but for radar Essen and observation on 05.07.2015. Multiple
convective cells are shown, each with a different color.

The time between the point in time when the prediction of hail is made, i.e. ZDR-
column height spike, and the detection of hail, i.e. attenuation spike, is defined as
lead time. The following analysis investigates the question of how early hail can be
predicted before detection.

5.2.2 Lead time statistics

The following criteria and rules are used for estimating lead times for all events.
When reports have overlapping time windows the ones with lower hail sizes are
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discarded, because the signal of larger hail probably blurs or even overrides the sig-
nal of smaller hail. If temporally overlapping reports indicate the same hail size,
then the reports are only used if their time windows are not shifted, i.e. their time
windows overlap entirely. Otherwise, finding the exact moment of hail fall, i.e. find-
ing an attenuation spike matching to a hail report, can become ambiguous. Reports
of the same hail occurrence from multiple observers are not discarded this way, as
their time windows are not shifted.

From the 16 events, 5 had to be discarded for lead time analysis due to data qual-
ity (radar and/or ground reports) or ambiguity of reports. Events were discarded
when there were no ground reports beneath areas with precipitation (reports were
likely placed in the wrong area), or when the reports only occurred at the edge of
the radar range. Unfortunately, one event with too many hail reports happening
in a very short time in a very confined area had to be discarded due to ambiguity
and severe attenuation. Another event (13.04.2016, radar Isen) was discarded due to
extremely noisy ΦDP and low ρhv, which rendered attenuation correction and ZDR-
column detection useless here. The remaining 11 events show good quality of radar
data and reports.

The time windows of the ground reports typically extend from 15 min to 60 min,
however, a more accurate timing is necessary to conduct an analysis on how early
hail can be predicted. Hail causes significant attenuation at C band, as shown in sec-
tion 5.1.2. Therefore, the timing of the α spikes is used to locate the time of impact on
the ground within the time window of the report. Since hail takes less than 5 min to
reach the ground, the timing of the α spikes is considered accurate enough. For ev-
ery α spike within the time window attributed to a ground report of hail, a preceding
peak in ZDR-column height is searched for. The time interval between both peaks
defines the lead time. The thus estimated lead times for the 11 severe hail events are
listed in Table 5.1. Hail is categorized according to diameter into small (< 2.5 cm),
large (≥ 2.5 cm and < 5 cm), and giant hail (≥ 5 cm). As the radar only allows for
time steps of 5 min, the estimated lead times can only have the discrete and integer
values of e.g. 10, 15 or 20 min. Figure 5.9 visualizes the range of estimated lead times
against hail diameter/category. According to the estimation, a 20 min lead time is
most likely for giant hail, while 15 min and 10 min lead times are more likely for
large and small hail, respectively. Thus, the larger the hail, the longer the lead time.

5.2.3 Relation between ZDR-column properties and hail size

In the previous section the investigation of ZDR-columns was focused on relative,
temporal changes in column height minutes ahead of attenuation intensification
and hail occurrence on the ground. This made it possible to identify and approve
ZDR-columns as precursors of hail. More quantitatively, both the top height of ZDR-
columns above the melting layer and the maximum ZDR inside ZDR-columns show
exploitable relations to the final hail size observed on the ground (Figure 5.10).
Smaller hail diameters coincide with low values of ZDR-column height and low
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values of maximum ZDR in ZDR-columns. Vice versa, larger hail diameters coin-
cide with high values of ZDR-column height and high values of maximum ZDR in
ZDR-columns. I.e. ZDR-columns allow for nowcasting final hail size as soon as hail
growth is detected.

To quantify this qualitative result, the correlation between ZDR-column height
above the melting layer, maximum ZDR inside the ZDR-column and hail diameter
on the ground is calculated. However, the Pearson correlation coefficient only pro-
vides information about direction and strength of an association between two vari-
ables. Here, the multiple correlation coefficient R is used, which allows to quantify
how strong the association between e.g. two explanatory (assumed independent)
variables x1, x2 and a third (dependent) variable y is (Edwards, 1979)

R2 =
ρ2

y,x1
+ ρ2

y,x2
− 2ρy,x1 ρy,x2 ρx1,x2

1− ρ2
x1,x2

, (5.1)

where ρy,x1 , ρy,x2 and ρx1,x2 are the Pearson correlation coefficients for each of the
possible combinations (Thiébaux, 1994)

ρa,b =
∑n

i (ai − ā)(bi − b̄)√
∑n

i (ai − ā)2 ∑n
i (bi − b̄)2

(5.2)

where ā and b̄ are the mean values (e.g. ā = 1
n ∑n

i ai) of the respective random
variables a and b.

The statistical significance of the obtained multiple correlation coefficient is tested
using the so-called F-test. If the ratio between explained and unexplained variance
F (Lomax and Hahs-Vaughn, 2001)

F =
R2/m

(1− R2) / (n−m− 1)
, (5.3)

where n is the sample size and m the number of predictors, exceeds a critical value
Fcrit, the null-hypothesis is rejected. Fcrit is obtained from a Fisher-Snedecor distribu-
tion with m and n−m− 1 as degrees of freedom with significance level κ (Edwards,
1979; Lomax and Hahs-Vaughn, 2001).

The multiple correlation coefficient between ZDR-column height above the melt-
ing layer (used for x1), maximum ZDR inside the ZDR-column (used for x2) and hail
diameter on the ground (used for y) is 0.820 and F = 31.77. With m = 2 and n = 34
the critical score Fcrit is 3.31 for significance level κ = 0.05 and 5.37 for κ = 0.01 and
thus the null-hypothesis is rejected (Edwards, 1979). I.e. ZDR-column properties can
be used to predict a later hail diameter on the ground using a linear relation.

Also the lead time can be expressed in a linear relation of ZDR-column height
above the melting layer and maximum ZDR inside the ZDR-column. The multiple
correlation coefficient of 0.542 indicates a weaker relation, but with F = 6.46 the
relation is still statistically significant.
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TABLE 5.1: Estimated lead times for observed hail signatures in polarimetric radar data
during severe hail events in Germany. The time given here is limited to 5 min resolution
due to the measurement scheme. The hail size of the associated ground reports from the
European Severe Weather Database are shown in the categories small (diameter < 2.5 cm),
large (diameter < 5 cm) and giant (diameter≥ 5 cm). 165 ground reports were issued within
the radar range for 11 events. 34 times a lead time estimation could be verified using the
reports without ambiguity.

event date (yyyy-mm-dd) radar lead time (min) hail size category

2013-08-06 Memmingen

10 large
15 giant
15 giant
20 giant
15 large
15 large
15 large

2015-05-13 Feldberg

15 small
20 giant
10 large
15 large

2015-07-05 Essen
10 large
15 giant
20 giant

2015-07-05 Flechtdorf

10 large
10 small
20 giant
15 large
15 small

2015-07-05 Türkheim
20 giant
15 large

2015-07-18 Dresden
15 large
10 large
15 large

2016-05-27 Offenthal 15 small

2016-06-23 Essen

10 small
15 giant
15 giant
20 giant
20 giant

2016-06-24 Neuheilenbach
20 giant
10 small

2016-06-24 Essen 10 small
2016-06-24 Türkheim 15 giant
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FIGURE 5.9: Boxplot of estimated lead times compared against hail diameter and category
(same data as in Table 5.1). The thicker, orange line shows the median, while the box repre-
sents the range of 25- to 75-percentile of the data. Whiskers show the 5- and 95-percentiles.
Outliers are denoted as circles. The numbers indicate the amount of data points used for
each boxplot.
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FIGURE 5.10: Scatter plot between ZDR-column height above the melting layer in km and
maximum differential reflectivity inside the ZDR-column. The colors of the symbols indicate
the ground reported hail diameter (see right scale). The symbol type quantifies the lead time
between a ZDR-column height spike and hail at the ground: Dots with minus signs indicate
a lead time of 10 min, dots with plus signs 20 min and all others 15 min.
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5.3 Nowcasting of Hail

Using the insights from sections 5.2.2 and 5.2.3 nowcasting schemes for hail and
hail size at the ground based on radar polarimetry can be developed. A nowcasting
scheme for predicting the final hail size once hail growth is detected (“prediction
scheme”), and a scheme for detecting matured, falling hail and discriminating its
size (“detection scheme”), are explained in the following.

5.3.1 Prediction scheme

The height of ZDR-columns above the melting layer and maximum ZDR inside the
columns are used here for estimating the final hail diameter. In a first step, a fuzzy
logic, similar to Park et al. (2009), is applied to obtain a hail size category. Based on
the most likely size category, a lead time is then chosen according to the findings
from section 5.2.2. With the hail size category and the lead time a prediction for
future hail occurrence is obtained.

For each hail size category i and variable x in use, a membership function Pi can
be defined with parameters a, b, c, d taken from Table 5.2, so that

Pi (x) =



0, if x < a,
x−a
b−a , if a ≤ x < b,

1, if b ≤ x < c,
d−x
d−c , if c ≤ x < d,

0, if x ≥ d .

(5.4)

For computational efficiency, equation 5.4 is reformulated into

Pi (x) = max
[

min
(

x− a
b− a

, 1,
d− x
d− c

)
, 0
]

for a < b ≤ c < d . (5.5)

The hail size category with the highest summed probability across all involved vari-
ables is then selected. Except for weighting, which is omitted, this is similar to the
approach in section 4.1.1.

The fuzzy logic introduced above is applied at every time step for every cell
to predict future hail size occurrence. Depending on the expected final hail size
yielded by the fuzzy logic, the lead time is adjusted: 10 min for small hail, 15 min
for large hail and 20 min for giant hail. This adjustment is based on the observed
dependency of hail size on lead time (see section 5.2.2 and Figure 5.9). The cell for
which the prediction was done is then marked with the hail size and expected lead
time. Examples of how this prediction scheme performs is shown later in section
5.3.3.
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TABLE 5.2: Parameters defining the shape of the trapezoidal membership function for the
fuzzy logic to discriminate hail size by ZDR-column intensity. The values have been rounded
to the second decimal place.

membership
function

parameters
small hail large hail giant hail

ZDR-column
height above
melting layer
(km)

a 0.50 0.82 1.76
b 0.50 1.75 2.29
c 1.12 1.78 ∞
d 1.93 2.53 ∞

max. ZDR in
ZDR-column
(dB)

a 2.00 3.13 4.08
b 2.00 4.40 5.83
c 3.59 4.57 ∞
d 4.51 6.50 ∞

5.3.2 Detection scheme

The prediction scheme analyses hail growth to make predictions for future hail size.
As such, it cannot discriminate the size of present hail and thus has no ability to
verify or correct its predictions. A reliable method to detect and discriminate hail
size in real time is introduced as the detection scheme to complement the prediction.

The detection scheme does not rely on mere values of ZDR-column properties,
but rather analyzes the behavior of updraft intensity and attenuation. Hereby, strong
attenuation at C band is exploited as a primary hail fall indicator.

For each cell at time step t a detection of hail is investigated using ZDR-column
height above the melting layer and attenuation coefficient α. It is assumed the hail
occurrence is accompanied by α values above the climatological level of 0.08 dB/◦

(Ryzhkov et al., 2013b). Furthermore, it is assumed that an updraft has to persist for
at least 15 min or 30 min to facilitate large or giant hail respectively (Ziegler et al.,
1983; Miller et al., 1988, 1990; Kennedy et al., 2001; Kumjian et al., 2014). In radar
data, ZDR-columns seem to collapse after intensification. This is not necessarily a
weakening of the updraft, but most likely due to contamination of the ZDR-column
by dry, tumbling hail, as Kumjian et al. (2014) point out. Therefore, these collapses
are used as additional indicators of hail fall. A graphical display of the algorithm
(Figure 5.11) provides the decision tree for no hail, small hail (diameter < 2.5 cm),
large hail (diameter < 5 cm) and giant hail (diameter ≥ 5 cm). The algorithm first
checks the updraft conditions based on the ZDR-column properties, such as minutes
of ZDR-column existence and ZDR-column height above the melting layer (ZCH),
and stores the result as “possible hail size” category. In the second part, the algo-
rithm checks for attenuation behavior, e.g. sudden intensification (spike) of α, and
secondary hail fall indicators, such as sudden weakening of ZDR-columns (collapse).
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Finally, a detected hail size category is concluded using the “possible hail size” cat-
egory and the hail fall indicators from the second part.

Spike detection

To detect spikes in the timeseries of variable X at time step t only the last w time
steps are investigated. If t < w, then X is padded with zeros, so that the length of
the vector X (t− w, . . . , t) equals w. If X (t) does not meet a threshold xthreshold, then
no spike is detected. Otherwise, a spike is detected if the following condition is met:

∆X (t) + X (t)− X̄ ≥ ξ ·
√

1
w−1 ∑t

s=t−w [X (s)− X̄]
2 , where (5.6)

X̄ = 1
w ∑t

s=t−w [X (s)] and (5.7)

∆X (t) = X (t)− X (t− 1) . (5.8)

ξ is a factor to scale the condition. For the following, ξ was set to 1.5. w is set to 5 for
the height of the ZDR-column above the melting layer and to 4 for the attenuation
coefficient α. The threshold xthreshold is set to 500 m and 0.15 dB/◦ respectively. These
values were selected after experimenting with different thresholds and were found
to best match the data.

Collapse detection

Besides spiking behavior, ZDR-columns can also show sudden weakening. These
collapses do not behave like negative spikes, therefore a different condition is ap-
plied to identify a collapse of variable X at time step t:

X (t)−median [X (t− lZDR-column, . . . , t)] ≤ xthreshold,collapse , (5.9)

where lZDR-column is the number of time steps of the currently observed ZDR-column’s
lifetime. xthreshold,collapse is set to −300 m. Collapse detection is not used for α, there-
fore no threshold for the condition is defined.

5.3.3 Nowcasting examples

The two developed schemes (prediction scheme (see section 5.3.1) and detection
scheme (see section 5.3.2)) are designated for operational forecasting services. Now-
casting examples for three selected events are shown. For these examples, the out-
put of the detection and prediction schemes are applied to the 40 dBZ contour of the
tracked cell. I.e. the prediction or detection covers an area, not just a single point
underneath the cell’s updraft. In this study the focus is not the exact impact point of
hail, but the ability to reliably predict and detect hail and discriminate its size. In the
following the outputs of the two schemes are compared with ground truth to assess
spatial and temporal agreement.
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FIGURE 5.11: Flow chart of the hail detection scheme. The decision tree is executed at every
time step t for every cell using the attenuation coefficient α, the number of minutes a ZDR-
column exists and the height of the ZDR-column above the melting layer (ZCH). Spike and
collapse detection takes equations 5.6 and 5.9 as conditions and follows the description in
the text in section 5.3.2.
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A supercellular event occurring on 06.08.2013 produced the largest hail (14.1 cm
in diameter, 360 g) measured and preserved in Germany. Other hail stones had di-
ameters mostly between 5 cm and 10 cm and caused severe damage to agriculture,
buildings and vehicles6. A hail swath of the prediction scheme forecasts is displayed
for this event in Figure 5.12. Reports of hail observed on the ground, depicted with
red symbols, show a similar swath. Although not every report size was predicted
correctly, the size categories do not differ by more than one and the overall structure
and variation matches the reports.

FIGURE 5.12: Predicted hail swath (colored contours) obtained by integrating the prediction
scheme output over a time period from 11 - 15 UTC on 06.08.2013, monitored by radar Mem-
mingen. Red symbols indicate size categories of hail ground reports. The white rings show
the height underneath or at melting layer (ML) height, which was at 3960 m above ground
level during this event.

In order to compare the temporal structure, too, time series of predicted hail and
used ZDR-column properties are shown in Figure 5.13. While the spatial structure
of the prediction matched quite well (Figure 5.12), several giant hail stones were
underestimated. Especially for the report with the largest hail (around 13:35 UTC)
the ZDR-column properties are quite low. For more than an hour this tracked cell
is associated with large and giant hail. Due to increasingly strong attenuation and
signal extinction in the core of the cell, the detection of ZDR-columns became difficult
and diminished for several time steps (∼13:10 - 13:45). Overlapping radars might

6Source: https://www.wetteronline.de/wetter-videos/2013-08-26-cv, last accessed on
01.11.2019 14:14 UTC

https://www.wetteronline.de/wetter-videos/2013-08-26-cv
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solve this problem in other cases, however for this event, data of other, overlapping
radars was not available.

The hail swath calculated by the detection scheme (Figure 5.14) differs from the
prediction scheme, and corresponds slightly better with the hail reports. The left
panel additionally shows the intermediate output of the detection scheme, the pos-
sible hail size (see Figure 5.11). This shows that, concerning the updraft condition,
the tracked cell had the capability of producing giant hail almost everywhere along
the swath.

By analyzing the time series of the detection scheme output (Figure 5.15, lower
left panel) a better coverage of the giant hail by the detection scheme is achieved
for this tracked cell. Also, the report with the largest hail (13:35 UTC) is correctly
detected. The time series of the attenuation coefficient α (Figure 5.15, lower right
panel) indicates very strong attenuation (median of α within whole cell stays above
0.4 dB/◦) ∼ 15 min before and after the report with the largest hail.

On July 5th, 2015 several most-likely supercell thunderstorms brought severe
winds and hail damage to Southwestern Germany. Hail diameters of up to 7 cm
were measured7. The hail swath of forecasted hail by the prediction scheme is dis-
played in Figure 5.16. Only two locations of hail were indicated by the reports in
the vicinity of radar Türkheim. However, both locations were successfully covered
by the prediction scheme. While overestimating the hail at the position further to
the North (100 km meridional distance, −75 km zonal distance) by one category, the
lower position (90 km meridional distance, −100 km zonal distance) was correctly
predicted as giant hail.

On August 30th, 2015 a most-likely supercellular storm over the Netherlands
and North Rhine-Westfalia produced hail of up to 8 cm, killed at least 65 birds and
caused severe damage to over 75 cars and several houses8. The hail swath of fore-
casted hail by the prediction scheme is displayed in Figure 5.17. The cell was already
producing large hail when it arrives at radar range. Despite the far distances the first
reports in the West (50 km meridonal distance and −110 km zonal distance) are cor-
rectly predicted. A bit closer to the radar two giant hail reports (40 km meridonal
distance and −100 km zonal distance) are underestimated. Also, one report of large
hail (10 km meridonal distance and −100 km zonal distance) is completely missed.

The time series for a tracked convective cell during this event, depicted in Figure
5.18, shows intense ZDR-columns. Here again it is visible that the first hail reports
have been predicted correctly and all later reports of giant hail are underestimated
in size.

Also for this event, the hail swath calculated by the detection scheme (Figure
5.19) differs and detects almost all giant hail reports correctly. Nevertheless, the same

7Source: https://www.skywarn.de/jahr-2015/5-juli, last accessed on 06.11.2019 17:12 UTC
8Sources: http://www.derwesten.de/nrz/staedte/emmerich/hagel-toetete-65-stare-in-emmerich-id11046000.

html, last accessed on 14.11.2019 17:24 UTC; https://www.bd.nl/zaltbommel/

onweer-in-brabant-en-gelderland-verkeer-op-a2-stopt-vanwege-megahagel-foto-s-en-video~aab97ce0/,
last accessed on 14.11.2019 17:25 UTC

https://www.skywarn.de/jahr-2015/5-juli
http://www.derwesten.de/nrz/staedte/emmerich/hagel-toetete-65-stare-in-emmerich-id11046000.html
http://www.derwesten.de/nrz/staedte/emmerich/hagel-toetete-65-stare-in-emmerich-id11046000.html
https://www.bd.nl/zaltbommel/onweer-in-brabant-en-gelderland-verkeer-op-a2-stopt-vanwege-megahagel-foto-s-en-video~aab97ce0/
https://www.bd.nl/zaltbommel/onweer-in-brabant-en-gelderland-verkeer-op-a2-stopt-vanwege-megahagel-foto-s-en-video~aab97ce0/
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large hail report (10 km meridonal distance and −100 km zonal distance) missed in
the hail swath of the prediction scheme is missed here, too.

Analysing the time series for the same tracked convective cell as above (Figure
5.20) reveals that the detection scheme detected all large and giant hail correctly
(lower left panel), except for one large hail report (centered at 21:05 UTC). While the
updraft allowed giant hail to occur for the most time of the tracked cell (upper left
and right panel), the attenuation varied (lower right panel), and allowed to precisely
detect when giant hail actually fell.
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FIGURE 5.13: Time series of ZDR-column height above the melting layer, max. ZDR in-
side ZDR-columns and predicted hail size using the prediction scheme for a tracked cell on
06.08.2013, monitored by radar Memmingen. The black bars show the time window of the
ground reports and the reported hail diameter (scale on the right axis).
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FIGURE 5.14: Possible (left) and detected (right) hail swath (colored contours) obtained by
integrating the detection scheme output over a time period from 11 - 15 UTC on 06.08.2013,
monitored by radar Memmingen. Overlaid in red symbols are size categories of hail ground
reports. The white rings show the height underneath or at melting layer (ML) height, which
was at 3960 m above ground level during this event.
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FIGURE 5.15: Time series of possible hail size (upper left), detected hail size (lower left),
ZDR-column height (upper right) and attenuation coefficient α (lower right) using the detec-
tion scheme for the same tracked cell as in Figure 5.13. The black error bars show the time
span of the ground reports and the reported hail diameter (scale on the right axis).
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FIGURE 5.16: Predicted hail swath (colored contours) obtained by integrating the predic-
tion scheme output over a time period from 18 - 22 UTC on 05.07.2015, monitored by radar
Türkheim. Red symbols indicate size categories of hail ground reports. The white rings
show the height underneath or at melting layer (ML) height, which was at 4390 m above
ground level during this event.
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FIGURE 5.17: Predicted hail swath (colored contours) obtained by integrating the prediction
scheme output over a time period from 19 - 00 UTC on 30.08.2015, monitored by radar Essen.
Red symbols indicate size categories of hail ground reports. The white rings show the height
underneath or at melting layer (ML) height, which was at 4510 m above ground level during
this event.



94 Chapter 5. Dynamics, Precursors and Nowcasting

19:45 20:15 20:45 21:15 21:45 22:15 22:45 23:15
time (UTC)

None

Small

Giant

Large

Po
ss

ib
le

 H
ai

lsi
ze

ZDR column spike
ZDR column collapse
ZDR column huge spike

19:45 20:15 20:45 21:15 21:45 22:15 22:45 23:15
time (UTC)

500

1000

1500

2000

2500

3000

3500

Z D
R
-c

ol
um

n 
he

ig
ht

 a
bo

ve
 m

el
tin

g 
la

ye
r (

m
)

19:45 20:15 20:45 21:15 21:45 22:15 22:45 23:15
time (UTC)

None

Small

Giant

Large

Pr
ed

ict
ed

 H
ai

lsi
ze

19:45 20:15 20:45 21:15 21:45 22:15 22:45 23:15
time (UTC)

2

3

4

5

6

7

m
ax

. Z
D

R
 in

sid
e 

Z D
R
-c

ol
um

n 
(d

B)

median
min - max

0

2

4

6

8

>9

Gr
ou

nd
 re

po
rte

d 
ha

ils
ize

 (c
m

)

0

2

4

6

8

>9

Gr
ou

nd
 re

po
rte

d 
ha

ils
ize

 (c
m

)

0

2

4

6

8

>9

Gr
ou

nd
 re

po
rte

d 
ha

ils
ize

 (c
m

)

0

2

4

6

8

>9

Gr
ou

nd
 re

po
rte

d 
ha

ils
ize

 (c
m

)

(A) ZDR-column properties

19:45 20:15 20:45 21:15 21:45 22:15 22:45 23:15
time (UTC)

None

Small

Giant

Large

Po
ss

ib
le

 H
ai

lsi
ze

ZDR column spike
ZDR column collapse
ZDR column huge spike

19:45 20:15 20:45 21:15 21:45 22:15 22:45 23:15
time (UTC)

500

1000

1500

2000

2500

3000

3500

Z D
R
-c

ol
um

n 
he

ig
ht

 a
bo

ve
 m

el
tin

g 
la

ye
r (

m
)

19:45 20:15 20:45 21:15 21:45 22:15 22:45 23:15
time (UTC)

None

Small

Giant

Large

Pr
ed

ict
ed

 H
ai

lsi
ze

19:45 20:15 20:45 21:15 21:45 22:15 22:45 23:15
time (UTC)

2

3

4

5

6

7

m
ax

. Z
D

R
 in

sid
e 

Z D
R
-c

ol
um

n 
(d

B)

median
min - max

0

2

4

6

8

>9

Gr
ou

nd
 re

po
rte

d 
ha

ils
ize

 (c
m

)

0

2

4

6

8

>9

Gr
ou

nd
 re

po
rte

d 
ha

ils
ize

 (c
m

)

0

2

4

6

8

>9

Gr
ou

nd
 re

po
rte

d 
ha

ils
ize

 (c
m

)

0

2

4

6

8

>9

Gr
ou

nd
 re

po
rte

d 
ha

ils
ize

 (c
m

)

(B) predicted hail

FIGURE 5.18: Like Figure 5.13, but for 30.08.2015, monitored by radar Essen.
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FIGURE 5.19: Possible (left) and detected (right) hail swath (in colored contours) obtained by
integrating the detection scheme output over a time period from 19 - 00 UTC on 30.08.2015,
monitored by radar Memmingen. Overlaid in red symbols are size categories of hail ground
reports. The white rings show the height underneath or at melting layer (ML) height, which
was at 4510 m above ground level during this event.

19:45 20:15 20:45 21:15 21:45 22:15 22:45 23:15
time (UTC)

None

Small

Giant

Large

Po
ss

ib
le

 H
ai

lsi
ze

ZDR column spike
ZDR column collapse
ZDR column huge spike

19:45 20:15 20:45 21:15 21:45 22:15 22:45 23:15
time (UTC)

500

1000

1500

2000

2500

3000

3500

Z D
R
-c

ol
um

n 
he

ig
ht

 a
bo

ve
 m

el
tin

g 
la

ye
r (

m
)

19:45 20:15 20:45 21:15 21:45 22:15 22:45 23:15
time (UTC)

None

Small

Giant

Large

De
te

ct
ed

 H
ai

lsi
ze

19:45 20:15 20:45 21:15 21:45 22:15 22:45 23:15
time (UTC)

0.0

0.2

0.4

0.6

0.8

1.0

 (d
B/

de
g)

median
80%percentile
min - max

0

2

4

6

8

>9

Gr
ou

nd
 re

po
rte

d 
ha

ils
ize

 (c
m

)

0

2

4

6

8

>9

Gr
ou

nd
 re

po
rte

d 
ha

ils
ize

 (c
m

)

0

2

4

6

8

>9

Gr
ou

nd
 re

po
rte

d 
ha

ils
ize

 (c
m

)

0

2

4

6

8

>9

Gr
ou

nd
 re

po
rte

d 
ha

ils
ize

 (c
m

)

FIGURE 5.20: Time series of possible hail size (upper left), detected hail size (lower left) and
ZDR-column properties (right panels) using the detection scheme for the same tracked cell
as in Figure 5.18. The black error bars show the time span of the ground reports.
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5.4 Evaluation

The two developed schemes provide hail nowcasting capabilities and are evaluated
against ground truth. For 16 hail bearing events in Germany radar data and ground
reports from the European Severe Weather Database (ESWD) are used. For each
event convective cells are identified and tracked, as described in section 5.1.3, and
the two developed schemes are applied to obtain time series of “detected” and “pre-
dicted” hail. As the surface reports have temporal error margins of mostly 15 min
and up to 120 min, the whole time window is assumed to be valid for hail occur-
rence.

To evaluate and score the prediction quality for each report, the following ques-
tions are decided in sequence. If any question is answered positively, further ques-
tions are skipped and the report is categorized accordingly. By iterating through all
reports, no report is evaluated more than once or can be in multiple categories for a
single event.

1. Is the correct hail size predicted at the time step in the middle of the time
window of the report? → category “direct hit”

2. Is the correct hail size predicted within the time window of the report? →
category “time-window hit”

3. Are all estimated hail sizes larger than the reported hail size within the time
window of the report? → category “overestimated”

4. Are all predicted hail sizes smaller than the reported hail size within the time
window of the report? → category “underestimated”

5. Are there other reports of bigger hail size within the time window of the re-
port? → category “ambiguous”

6. Is no hail predicted within the time window of the report?→ category “missed”.

Otherwise, category “other” is selected, which means both under- and overestima-
tion are present within the time window. The category “ambiguous” might be used
for overlapping reports as superposition of bigger hail might diminish capabilities
of smaller hail prediction, as pointed out in section 5.2.2.

The prediction scheme (Figure 5.21a) underestimates a quarter of all reports used,
but hardly overestimates hail sizes at all. 10 % of all reports are missed, but more
than a third is correctly predicted in time and size. The detection scheme (Figure
5.21b) misses slightly more reports (14.7 %), but scores much better with 61.3 % cor-
rect detection in time and size. Also, underestimation and overestimation are lower
with less than a fifth of all reports in total. Both schemes have reports which could
not be analyzed due to ambiguity, but this is not a shortcoming of the schemes.

Most of the differences between the overall scores of the schemes ( Figure 5.21)
are also visible throughout individual events (Figure 5.22). However, some events
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FIGURE 5.21: Overall scoring result for evaluation of prediction and detection scheme for 16
hail bearing events. The scoring categories and the evaluation method are described in the
text in section 5.4.

show major disagreements between the two schemes. E.g. the detection scheme
(Figure 5.22b) misses most reports for the event on 2015-07-05 monitored by radar
Flechtdorf, which the prediction scheme does not miss. During the event on 2013-
08-06 monitored by radar Memmingen, the prediction scheme (Figure 5.22a) under-
estimates 6 reports, which are almost all scored as correctly detected by the detection
scheme. The event on 2016-04-13 monitored by radar Isen misses all reports in both
schemes. This event had only two reports of accumulated very small hail (mostly
1 cm to 2 cm or smaller in diameter). The attenuation was too low to trigger the
detection scheme for the observed cells at the hail impact location. Small hail was
detected approximately 5 km to the North-East of the hail impact location. Also, the
prediction scheme failed, as no significant updrafts were detected in the vicinity. The
event still caused damage to the local towns, as the hail accumulated within minutes
and covered streets and buildings with a 5 cm thick layer9.

5.4.1 Random prediction

There is no scoring category for false alarms, as ground reports can only state hail oc-
currence, not hail absence. To cope with this issue and to qualify the scoring results,
the physical-based schemes are compared against random predictions. These ran-
dom predictions are based on the statistics of the 150 reports that have been used
for evaluation before. All hail sizes that have been reported within the vicinity
of tracked cells are used to build a distribution of hail sizes. Among the reports
used, all categories are almost equally likely, with the highest probability for giant
hail (psize,giant = 39.1 %), followed by large hail (psize,large = 32.3 %) and small hail
(psize,small = 28.6 %). The lifetime of the tracked cells (the number of time steps a cell
is observed by the radar) and the number of reports occurring during their lifetimes
is used to calculate a probability of hail occurrence per cell per time step, which

9Source: https://www.merkur.de/lokales/bad-toelz/bad-toelz-ort28297/

schweres-unwetter-gewitter-hagel-toelz-6306930.html, last accessed 15.11.2019 10:58UTC

https://www.merkur.de/lokales/bad-toelz/bad-toelz-ort28297/schweres-unwetter-gewitter-hagel-toelz-6306930.html
https://www.merkur.de/lokales/bad-toelz/bad-toelz-ort28297/schweres-unwetter-gewitter-hagel-toelz-6306930.html
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results in phail = 16.82 %. I.e. for each time step the probability of e.g. giant hail
occurring is pgiant hail = phail · psize,giant ≈ 6.58 %. The probabilities are used to run
a prediction 1000 times and is then evaluated analogous to the other two schemes.
The overall scoring for this statistically based random prediction is shown in the pie
chart in Figure 5.23. Although the random prediction inherits the probabilities of
the reports, which are used to evaluate and score, the scores are very low compared
to the other two physical-based schemes. More than half of the reports are missed
and only a fifth are predicted correctly in time and size. The ratio of ambiguity is
similar to the other schemes, as well as the rate of overestimation, while the ratio of
underestimation is reduced.

5.4.2 Evaluation statistics

The scoring results for the prediction scheme, the detection scheme and the ran-
dom prediction are condensed into three categories: a positive category, indicating a
correct prediction (“direct hits” and “time-window hits”), a neutral category, where
hail was predicted at the right time but not size (“overestimated”, “underestimated”
and “other”) and a negative category, where hail was reported but not predicted
(“missed”). In addition to that, a ratio of time steps with hail predictions, but no re-
ports, i.e. a pseudo false-alarm-ratio, is added. These four categories are displayed
in Table 5.3. Both physical-based schemes beat the random prediction by far in the
first three categories introduced. Yet, the ratio of predicted hail without ground truth
is quite high compared to the random prediction. However, this is not necessarily
a high false-alarm ratio. Absence of hail reports does not indicate that there was
no hail. E.g. the schemes might have correctly predicted hail and hail might have
occurred at the ground without a report being issued. Reports are mostly issued
by volunteers and trained storm spotters (Dotzek et al., 2009), therefore it cannot be
expected that every hail occurrence is observed.

The schemes shown have different nowcasting time windows. As the detection
scheme can only detect hail which is already falling, it does not provide an improve-
ment to the lead time. The prediction scheme can improve the lead time by 10 min
to 20 min as shown in sections 5.2.2 & 5.3.1. A random prediction obviously can
predict for as many time steps into the future as desired, but the usability of this is
questionable.
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TABLE 5.3: Statistics of evaluation results for the detection and prediction scheme and sta-
tistically based random prediction. Results have been rounded to the first decimal place.

Detection scheme Prediction scheme
random

prediction

Lead time (min) 0 10-20 ∞

Correct prediction 64.8 % 52.9 % 20.9 %

Hail predicted,
but wrong size 19.7 % 35.0 % 19.3 %

Hail present, but
no prediction 15.5 % 12.1 % 59.8 %

Hail predicted,
but no ground

truth
38.0 % 35.6 % 11.1 %
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FIGURE 5.22: Scoring result for evaluation of prediction scheme and detection scheme for
each of the 16 hail bearing events. The scoring categories and the evaluation method are
described in the text in section 5.4.
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FIGURE 5.23: Scoring results for evaluation of the statistically based random prediction as
described in section 5.4.1.
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5.5 Discussion

131 of the in total 165 surface hail reports could not be used for analysis of the time-
lagged correlation between spikes of ZDR-column height and attenuation coefficient
α (see section 5.2). Most of these reports were discarded because of temporal over-
laps with other reports in cases when many cells produced hail in a very short time
period (e.g. see Figure 5.7). These overlaps inhibited a clear matching of attenua-
tion spikes to hail reports. The low temporal resolution of the radar data of 5 min
is clearly a limitation for the analysis. This study would have benefited from the
much higher resolution possible with polarimetric phased array radars. Simulations
by Kumjian et al. (2014) and Ilotoviz et al. (2018) indicate that the time lag between
peak ZDR-column height and largest hail at the surface should lie between 12.5 min
and 15 min, which agrees with the observational evidence presented here. Over-
all, the observation time windows in surface hail reports were often longer than
15 min and sometimes exceeded 1 h. This made it particularly difficult to automate
the analysis with the radar observations. Especially challenging were the frequently
overlapping time intervals, which limited the usable reports to 34. Data used was
not attenuation corrected to avoid e.g. unrealistically high ZDR-columns by over-
correcting ZDR. Less noisy results and a higher correlation might be achievable by
repeating the investigation with more data of higher quality, and with attenuation
correction. Also, by using multiple, overlapping radars, polarimetric variables can
be checked for consistency in overlapping areas (similar to the approach in chapter
3, section 3.4.1). This also reduces the risk of over-correction of attenuation.

A strong, linear relation between maximum ZDR inside the ZDR-column, ZDR-
column height above the melting layer and hail diameter on the ground can be
formulated. The relation has a multiple correlation coefficient R of 0.820, which
was tested successfully for significance (F = 31.77 >> Fcrit = 5.37, for κ = 0.01).
Also, a weaker, but still significant linear relation between maximum ZDR inside the
ZDR-column, ZDR-column height above the melting layer and lead time was found
(R = 0.542, F = 6.46 > Fcrit = 5.37, for κ = 0.01).

The prediction scheme is based on the correlation between maximum ZDR in-
side the ZDR-column, ZDR-column height above the melting layer and observed hail
diameter on the ground and is affected by the same errors and noise as discussed be-
fore. This affects not only determining the size, but also the predicted lead time, as a
dependency between the size and lead time is used (see subsection 5.3.1). Therefore,
predictions made by this method might be wrong in both time and size, if the size
prediction fails. The fuzzy logic approach mitigates some noise and accounts for
overlapping hail size categories (Liu and Chandrasekar, 2000). Again, this method
can be improved with a larger amount of data.

Although thresholds and parameters for the detection scheme were based on
educated guesses and experimentation with the data, the scheme works well and
scored high during evaluation. Hail is difficult to detect for hail-bearing cells on
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the edge of the radar range and for those precipitating hail already on entering the
radar range, because the detection scheme requires a tracked cell to have a ZDR-
column observed for at least 15 min before larger hail can be issued. However, a
3D-composite of multiple, overlapping radars might solve this problem.

A third scheme, an alternative to the introduced detection scheme, based on the
correlation between hail diameter and lead time, was developed, too. If an atten-
uation spike occurs, the time lag to the last, preceding spike of ZDR-column height
spike is used to obtain a hail size according to the insights from section 5.2.2, i.e. the
dependency between hail size and lead time. This method, however, missed nearly
half of all reports and was discarded. Instead, the detection scheme became more
complex to first check the updraft capabilities and then hail fall indicators. The de-
pendency between hail size and lead time was not observed in other studies (e.g.
Kumjian et al., 2014; Ilotoviz et al., 2018), and should be assessed with more data for
further validation.

The nowcasting examples shown did not require advection of cells to nowcast
for future development. Operational nowcasting needs to predict cell movement
and development. The detection and prediction scheme attribute their results to
the whole 40 dBZ contour of the tracked cells, where hail did not necessarily oc-
cur everywhere. The question whether these areas are too big or not, could not be
evaluated, because of the limited nature of the ground truth. Hail reports are only
single-point observations and can neither cover an entire area, nor exclude an area
of hail, as no reports of no-hail exist. Also, hail reports are more often issued in ur-
ban areas and more seldom in rural areas (Witt et al., 1998b; Frisbie, 2006). Lastly,
prediction of hail landing locations is difficult (Ortega et al., 2016; Kennedy and De-
twiler, 2003) and hail trajectories are still up to research (Dennis and Kumjian, 2017;
Adams-Selin and Heymsfield, 2019; Kumjian and Lombardo, 2020).

The evaluation and scoring process was thoroughly designed, however some im-
provements need to be discussed. First, false alarms could not be properly assessed
as there are no reports for no-hail. Therefore, a predictor which always warns for hail
would score a lot better. To make the scoring results more comprehensible, a random
prediction was applied to compare the two physical-based schemes with. The prob-
abilities for the random prediction were taken from the reports, which were used for
evaluation, too. Thus, an advantage in favor of the random prediction was expected.
Nevertheless, with more than 84 % correct hail prediction/detection both physical-
based schemes performed better than the random prediction (around 40 % correct
prediction of hail). Secondly, less strict categories to evaluate might be more use-
ful. Sometimes the difference between prediction and observation was 1 cm or less.
But as categories differ e.g. between 4.5 cm and 5.0 cm, these cases are evaluated
as wrong diameters. Third, the evaluation involved events which were discarded
for estimating the lead time statistics. At least one of these events (13.04.2016, radar
Isen) showed problems with the radar data and should have been excluded from the
evaluation, too. Generally, the evaluation process is highly dependent on ground
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truth. The ESWD does cross-check every report and assign quality classes for each.
Still, wrong reports may impose a not assessed source of errors.

Attenuation inhibited the ZDR-column detection or reduced their intensity in
some cases. Overlapping radars might be able to mitigate the problem, if unattenu-
ated data from another radar is available for the attenuated area. However, this is not
always possible, e.g. at the edge of a radar network. KDP-columns are expected to
still provide information in cases where ZDR-columns are inhibited by attenuation
(Kumjian and Ryzhkov, 2008; van Lier-Walqui et al., 2016), because KDP is depen-
dent on the phase. However, KDP was very noisy in the data analyzed and suffered
from the limitation in range resolution of 1 km. Moreover, KDP is strongly affected
by resonance effects at C band for hail of and above 4 cm diameter (Figure 5.24). KDP

for wet hail is positive only for narrow diameter ranges (11 mm to 16 mm, 27 mm to
31 mm, and 39 mm to 40 mm) in the limited simulation shown here. Other simula-
tions confirm the general tendency of negative KDP for hail diameters larger than a
resonance size, e.g. 4 cm (Ryzhkov et al., 2013a; Ryzhkov and Zrnic, 2019). Values for
dry hail at C band can be twice as high as at S band for the range 15 mm to 24 mm.
For diameters above 1.6 cm KDP at C band becomes negative in these simulations.
KDP-columns seem to appear after ZDR-columns, as they are related to downbursts
and strong precipitation (Fridlind et al., 2019). Thus, achievable lead time would be
shorter when using KDP-columns instead of ZDR-columns.

High KDP is suspected to indicate small, melting hail (Kumjian et al., 2019). In
14 out of the 16 analyzed cases KDP above 10 ◦ km−1 was observed in the core of
convective cells, accompanying reflectivity factors above 50 dBZ, and four events
exhibited KDP values of and above 15 ◦ km−1. These enhanced KDP values occurred
more than 10 min before giant hail - and in one case accumulated small hail - was
reported at the ground. Since negative KDP is expected for large hail diameters, the
presence of large rain drops or small hail is suspected to dominate the signal in these
cases. In addition, ground reports tend to emphasize larger hail sizes, and thus high
KDP may not correlate well with hail surface reports.

Columns of circular depolarization ratio are another proposed hail precursor
(Ryzhkov et al., 2017). However, as CDR is not directly measured by radars using si-
multaneous transmission and reception, it has to be estimated. Ryzhkov et al. (2017)
proposed a method to calculate a CDR proxy, depolarization ratio DR (see 2.1.2). DR
requires linear depolarization ratio LDR, which is not observed for the DWD radar
network due to simultaneous transmission and reception. Attempts to mitigate the
missing LDR, by e.g. assuming it based on other variables, failed. Therefore, an
investigation of hail precursors capabilities of CDR and DR at C band could not be
pursued.
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FIGURE 5.24: T-matrix scattering simulation of specific differential phase KDP for water
coated ice particles (“wet hail”, blue) and ice particles (“dry hail”, red) at S (solid lines) and
C band (dashed lines). The dieletric constants for water and ice are calculated for 0 ◦C and
axis-ratio of the simulated, oblate ellipsoid is 0.75 for all diameters. The width of canting
angle distribution is 40◦. Simulations are in line with Ryzhkov et al. (2010).

5.6 Summary and Conclusion

Methods to detect hail aloft, discriminate between size categories and techniques to
predict hail while growing within a storm have been described and evaluated. 16
hail bearing storms monitored by the polarimetric C-band radar network of DWD
in the years 2013 - 2016 together with hail reports from the European Severe Weather
Database (ESWD) were investigated in order to examine hail precursors and their
nowcasting capabilities. ZDR-columns were proven to indicate hail growth and to
provide lead times for warnings. High attenuation served as an indicator for hail
aloft, which also allows locating hail reports in time better, when only uncertain time
intervals were reported. In line with expectations ZDR-columns, possibly indicating
updrafts, precede high signal attenuation (α-spikes) indicating hail. From the 165
ground reports 34 could be used for lead time estimates.

A significant correlation between ZDR-column properties and final hail diameter
was determined. This allows to predict hail 10 min to 20 min before hail occurrence
on the ground, which was exploited for a prediction scheme.

A hail detection scheme was developed based on observing temporal behavior of
ZDR-columns and attenuation coefficient α. Updraft conditions of current and past
time steps within a tracked cell are reviewed first. Then hail fall indicators, such
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as sudden intensification of attenuation or ZDR-column collapses, are exploited to
approve the detection.

A first evaluation yielded very good results for both detection and prediction
of hail. The discrimination of hail size was also evaluated with good results for
both detection and prediction. In comparison with random predictions, for which
probabilities are taken from the reports used for evaluation, detection and prediction
schemes outperformed the random predictions.
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Chapter 6

Summary and Conclusion

Detection and nowcasting of hail and particularly its size has been investigated. In
this chapter the research questions formulated in chapter 1 are addressed in view of
the findings presented in this thesis.

Precipitation radar observations are the most important information source for
detecting hail aloft. The polarimetric C-band radar network has been used as pri-
mary information source in this thesis, together with hail occurrence reports from
the European Severe Weather Database (ESWD).

Techniques for correcting attenuation introduced by Testud et al. (2000), Gu et al.
(2011) and Ryzhkov et al. (2013b) were extended for attenuation correction at C band
during precipitation of hail. The attenuation correction methodology was success-
fully evaluated with observations of four overlapping C-band radars in 16 events.

T-matrix scattering simulations have been used to adjust a hail size discrimi-
nation algorithm (HSDA) developed for S-band radars for usage at C band. New
parameters for the membership functions of the fuzzy-logic based HSDA were ob-
tained. Further experiments with unsupervised learning methods were conducted
to improve the HSDA.

Nowcasting methods were developed to detect hail aloft, discriminate between
size categories and to predict hail occurrence before impact on the ground. ZDR-
columns were proven to indicate hail growth, resulting in usable lead times for
warnings. A linear relation between ZDR-column properties and observed hail di-
ameter on the ground was exploited for hail occurrence and hail size nowcasting
with lead times between 10 min to 20 min. The relation was tested positively for sta-
tistical significance. In addition to the nowcasting algorithm, a hail detection and
size discrimination algorithm was developed, exploiting peaks in the time series of
ZDR-column evolution and attenuation intensification.

How accurately can the location and size of hail be determined from polarimetric
C-band radar observations and what additional information from other sources is
required?

The location accuracy ranges from a few kilometers up to 30 km depending on the
size of the tracked cell. A more accurate landing location is still a difficult task and
subject of ongoing research (Ortega et al., 2016), partially because no surface reports
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of “no hail” are available. A dense network of disdrometers could be exploited for
such a measure.

Hail size was detected with 65 % accuracy using the detection scheme. More
research and observations might further improve this score. The prediction scheme
successfully discriminates hail size with 53 % accuracy and allows nowcasting with
lead times between 10 and 20 min. Radar observations with higher resolution in
space and time would improve this figure. Genuine RHIs or polarimetric, phased-
array radars could provide sufficiently high resolutions.

Besides the polarimetric radar data, the algorithm requires the melting layer
height. In this study, in-situ measurements from soundings were used, but also po-
larimetric radar themselves could be used (Baldini and Gorgucci, 2006; Giangrande
et al., 2008; Wolfensberger et al., 2015).

What are the most robust precursors for large hail, how can they be exploited for
nowcasting and which lead times can be achieved?

Three hail precursor candidates were investigated: columnar enhanced areas of ZDR,
KDP and CDR. All three relate to updrafts and thus potential hail fall (Kumjian et al.,
2014; Hubbert et al., 1998; Ryzhkov et al., 2014).

It is well documented that ZDR-columns intensify prior to hail occurrence (Picca
et al., 2010; Kumjian et al., 2014; Snyder et al., 2015), with an expected, positive time
lag of around 15 min between intensification of ZDR-columns and hail occurrence.
Observational evidence of this behavior has been provided in this study. However,
ZDR-column detection can be affected by attenuation and even inhibited, when hail
shafts, e.g. of other cells, are closer to the radar than updraft regions. Despite the
effect of attenuation on ZDR-column retrievals, a lead time of 10 min to 20 min is
possible with 88 % correct prediction of hail and 53 % correct prediction of hail with
size discrimination.

KDP-columns could partially replace or complement ZDR-columns in high atten-
uated cases (Kumjian and Ryzhkov, 2008; van Lier-Walqui et al., 2016). Except for
supercell thunderstorms, ZDR-columns and KDP-columns appear to be collocated
(Zrnić et al., 2001; Loney et al., 2002), but Fridlind et al. (2019) show several cases
with KDP-columns following ZDR-columns with a delay, thereby reducing potential
lead times. No clear-cut cases of KDP-column development could be observed in
this study, which might be related to inherent C band properties. Also, stronger res-
onance effects, which only allow positive KDP for small hail and some specific hail
diameters (see Figure 5.2) could be a reason. Especially giant, wet hail appears to
have only negative KDP values (Ryzhkov and Zrnic, 2019). Furthermore, the coarse
spatial resolution of DWD’s volumetric radar data and noisy ΦDP might have lim-
ited the success of the KDP analysis. For these reasons, KDP-columns might not be
robust at C band at all, as they are difficult to obtain and require low noise and high
resolution data.
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CDR-columns might be an even better hail precursor since signals are stronger,
more robust, and could be visible in greater heights than e.g. ZDR-columns (Ryzhkov
et al., 2017). CDR is not available for most radars as these operate in simultaneous
transmission / reception mode, unless complex Voltages of the returned signal are
available (Ryzhkov et al., 2014). Although methods to obtain an estimate of CDR
have been elaborated (Ryzhkov et al., 2017), LDR is required. Unfortunately, LDR
is not observed by the radar network used in this study. Therefore, CDR-columns
could not be observed in this thesis.

In terms of robustness, KDP columns are not affected by attenuation and therefore
might be most robust, at least at S band. This feature does not seem to hold at C band.
Also, CDR-columns appear to be much more prominent and taller than columns of
ZDR. However, LDR was not available, therefore CDR could not be estimated and
tested for robustness. In the data available and for the desired operational purposes,
without changing radar parameters, ZDR-columns are the most robust precursors
for large hail at C band. They can improve the lead time by 10 min for small, 15 min
for large and 20 min for giant hail.
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